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Preface 


The  work  described  In  this  report  is  pertinent  to  the 
ject  designated  by  the  V/ar  Department  Liaison  Officer  as  QD-52, 
to  the  project  designated  by  the  Navy  Department  Liaison  Officer 
as  NO-23  and  to  Division  A  projects  PA-230  and  PA-240. 

Part  of  the  work  of  preparation  of  this  report  was  perform¬ 
ed'  under  Contract  OEMsr-^l  with  the  Carnegie  Institution  of 
ViTashington  and  elsevfhere  under  the  auspices  of  Section  A. 

Through  arrangements  made  in  July,  19U1  vfith  Brigadier 
General  R.  H,  Somers,  then  Ordnance  Department  Liaison  Officer 
with  the  National  Defense  Research  Committee,  the  viriter  was 
given  access  to  the  confidential  reports  of  the  Ordnance  Depart¬ 
ment  dealing  with  gun  erosion,  for  the  purpose  of  preparing  this 
report.  The  information  gained  during  several  months  of  vrork  in 
the  Ordnance  Department  Technical  Library  was  supplemented  by 
discussions  with  both  officers  and  civilian  personnel  of  the  War 
and  Navy  Departments. 

This  report  has  been  issued  in  tvfo  volumes.  The  present 
volume  comprises  Part  One,  on  the  fundaiaentals  of  ordnance  relat¬ 
ing  to  gun  erosion.  The  second  volume  will  comprise  Part  Two,  on 
the  characteristics  of  gun  erosion,  A  bibliography  and  an  author 
index  appears  In  each  volume,  but  the  subject  index  appears  only 
at  the  end  of  the  second  volume. 
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F.ORBlORD 
By  L.  H,.  Adams 

Shortly  after  Section  A  of  Division  a  was  constituted  for  the 
purpose  of  attacking  the  problem  "'of  gun  erosion  and  other  aspects 
of  hjTper- velocity,  and  the  facilities  of  the  Geophysical  Labora¬ 
tory  of  the  Carnegie  Institution  of  Washington  were  made  avail¬ 
able  for  this  work,  Dr.  John  S,  Burlew  of  the  scientific  staff  of 
that  laboratory  was  requested  to  prepare  a  report  on  gun  erosion. 
It  was  realized  that  there  existed  a  vast  amoiint  of  factual  mate¬ 
rial  in  this  field  and  a  large  number  of  conflicting  interpreta¬ 
tions  and  conclusions  relating  to  the  observations.  The  intention 

I 

was  to  have  an  outline  of  the  subject  that  would  be  comprehensive 
but  not  necessarily  exhaustive,  and  to  include  merely  a  cross- 
section  of  existing  data  together  with  an  explanation  of  the  terms 
used  and  a  summary  of  the  conclusions  that  have  been  drawn.  Col¬ 
lecting  and  assembling  the  necessary  information  was  a  task  of 
considerable  magnitude,  which  would  have  been  even  greater  but  for 
the  hearty  cooperation  and  encouragement  of  various  individuals  in 
the  Array  and  Navy  and  in  other  organizations. 

The  purpose  of  the  report  has  been  to  provide  the  necessary 
ground  work  for  planning  investigations  on  the  mechanism  of  gun 
erosion.  A  considerable  portion  of  it  has  been  available  for  some 
time  to  me  and  to  other  persons  vrorking  on  this  problem.  The  pro¬ 
gram  veas  first  presented  and  discussed  at  the  Conference  on  Gun 
Erosion  held  at  Watertovm  Arsenal  on  October  l5,  I9UI,  at  which 

ix 


rGpresontatives  of  the  national  Defense  Research  Cornraittee  as  well 
as  of  va.rious  establishments  of  the  Ariiy  and  Navy  were  present. 
Since  then  the  investigation  of  the  mechanism  of  gun  erosion  has 
been  going  forward  actively  at  the  Geophysical  Laboratory  and  else~ 
vfhere  under  the  auspices  of  Section  A,  The  present  report^  which 
in  its  completed  form  provides  a  convenient  background  for  these 
investigations,  does  not  include  any  of  the  results  already  obtain¬ 
ed  in  them.  Those  results  are  being  presented  in  a  series  of 
Division  A  memorandums  and  reports,  the  first  few  of  which  have 
already  been  issued  or  are  in  preparation,  as  mentioned  in  foot- 
notes  to  the  appropriate  parts  of  the  text  of  the  present  report, 

Vfashington,  D.  C. 

August  11,  ^9k2. 
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THE  EROSION  OF  GUNS 
Part  One:  Fundamentals  of  Ordnance 
Relating  to  Gun  Erosion  • 

CHAPTER  I .  INTRODUCTION 

1 .  The  present  survey  of  the  erosion  of  guns  aims  to  collate  the 
principal  factual  data  on  the  subject  and,  in  addition,  to  summarize 
the  different  theories  that  have  been  proposed  to  explain  or  to  cor¬ 
relate  these  facts .  Special  care  has  been  exercised  to  separate  the 
facts  from  the  various  interpretations  that  may  be  placed  upon  them, 
since  the  latter  in  many  instances  depend  on  unverified  assumptions. 
The  soiirces  of  all  information  have  been  indicated  in  order  that  the 
reader  may  consult  them  for  further  detailsj  for,  although  this  sur¬ 
vey  attempts  to  be  comprehensive,  the  treatment  of  the  various  items 
mentioned  is  not  intended  to  be  exhaustive . 

2.  Definitions 

A  gun  consists  essentially  of  a  hollow  metal  tube  having'  one 
end  —  the  breech  —  tightly  closed  and  having  within  it  a  projectile 
that  is  expelled  with  a  high  velocity  from  the  open  muzzle  by  the 
rapid  expansion  of  the  gases  which  are  formed  by  the  burning  of  the 
propellent  powder  placed  in  the  chamber  behind  the  projectile  before 
firing.  Erosion  of  a  gim  is  the  gradual  removal  of  metal  from  the 
surface  of  the  bore  of  the  tube  as  a  result  of  firing.  It  has  been 
suggested  that  it  is  desirable  to  distinguish  between  the  "erosion” 
caused  by  the  hot  powder  gases  and  the  mechanical  "wear”  caused  by 
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the  movement  of  the  projectile;  but  there  is  not  yet  enough  evidence 
to  permit  this  distinction.-^  Hence  in  the  present  discussion  the 
inclusive  term  erosion  will  be  used  to  refer  to  enlargement  of  the 
bore  without  implication  as  to  the  cause. 

This  enlargement  of  the  bore  radically  affects  the  flight  of 
the  projectile .  Erosion  at  the  breech  end  of  the  tube  decreases  the 
range  of  the  gun,  and  erosion  at  both  ends  decreases  its  accuracy. 
The  two  effects  combine  to  determine  the  useful  life  of  the  gun. 

Some  of  the  methods  of  estimating  the  life  of  guns  from  the  extent 
of  erosion  are  treated  in  Chap.  XIV. 

3.  High  muzzle  velocity 

Because  the  rate  of  erosion  increases  very  rapidly  with  an  in¬ 
crease  of  muzzle  velocity,  as  will  be  illustrated  in  detail  later 
(Sec,105)>  a  muzzle  velocity  of  about  3000  ft/sec  is  the  upper  limit 
that  may  be  employed  at  present  without  decreasing  the  life  of  a  gun 
too  much.'  Actually,  even  most  high-powered  guns  are  rated  at  some¬ 
what  lower  muzzle  velocities , 


V  Dr.  P.R.  Kosting,  of  Watertown  Arsenal,  in  commenting  on 
this  statement  pointed  out  (private  communication,  Aug.  22,  19^2) 
that  “the  phenomena  accompanying  the  change  in  bore  diameter  at  the 
muzzle  end  are  different  from  those  at  the  breech  end,"  and  in  parti¬ 
cular,  that  "metallographic  studies  reveal  that  there  is  a  dif¬ 
ference  in  the  effect  of  service  on  the  bore  metal  between  the  muzzle 
and  breech  end.  In  discussions  of  erosion  one  hears  frequently  of 
references  to  the  wear  at  the  muzzle  end  and  the  erosion  at  the  breech 
end."  The  distinction  that  Kosting  makes  Yfith  respect  to  the 
phenomena  is  probably  valid;  but  until  vre  are  certain  that  this  dif¬ 
ference  is  anything  more  than  that  caused  by  modification  of  the 
same  agent  by  two  different  sets  of  local  conditions,  it  seems  un¬ 
necessary  to  introduce  an  extra  term  in  referring  to  it.  Conversa¬ 
tions  with  Navy  personnel  have  shown  that  they  still  use  the  term 
"muzzle  erosion." 
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The  depth  of  penetration  of  amor  plate  by  a  projectile  in¬ 
creases  as  a  function  of  the  striking  velocity  of  the  projectile. 

At  relatively  low  velocities  —  up  to  about  2^00  ft/sec  —  the  depth 
of  penetration  of  a  projectile  is  proportional  to  approximately  the 

three— halves  power  of  its  striking  velocity  as  is  indicated  by  such 

2/  .  . 

empirical  formulas  as  that  of  de  Marre  [1886]  which  is  still  in 
use  today  [Naval  Ordnance,  1939]  .  Vfhether  this  same  relation  holds 
true  at  velocities  exceeding  2^00  ft/sec  is  not  known  with  certainty. 

It  has  been  claimed  that  the  phenomenon  of  penetration  is  different 
at  hypervelocities  —  greater  than,  say,  3^00  ft/sec  —  and  that  at 
such  velocities  projectiles  made  of  lead  or  other  soft  metal  will 
penetrate  armor  as  well  as  steel  projectiles .  This  opinion,  which 
has  not  been  substantiated  as  yet,  was  extravagantly  insisted  upon 
by  Gerlich  [1930,  1931 ,  1933] ,  and  it  has  been  repeated  even  by 
Hayes  [1938,  p.  670] .  Be  that  as  it  may,  a  gun  firing  at  a  muzzle 
velocity  of  nearly  ^000  ft/sec  would  be  an  especially  effective  weapon 
against  the  armor  carried  by  tanks,  because  in  this  vmy  it  vrould  be 
possible  to  deliver  a  projectile  having  a  striking  velocity  of  over 
3000  ft/sec  at  battle  ranges  up  to  1000  yd,  and  also  because  the 
decreased  time  of  flight  and  flat  trajectory  would  reduce  the  un¬ 
certainty  in  the  estimation  of  range  and  position. 

The  probability  of  hitting  an  airplane  is  increased  by  de¬ 
creasing  the  tiiw3  of  flight  of  the  projectile,  which  may  be  accomplished 


'y  The  name  of  an  author  followed  by  an  underscored  date  refers 
to  the  appended  bibliography. 
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by  Increase  of  mizzle  velocity.*"  The  experience  of  the  present 
war  led  the  Director  of  Artillery  of  Great  Britain,  for  instance, 
to  suggest  that  there  is  need  for  an  antiaircraft  gim  capable  of 
sending  a  projectile  to  a  height  of  10,000  ft  in  only  3  sec,  which 
would  require  a  muzzle  velocity  of  between  5000  and  6000  ft/sec 
[O.B.P.,  . 

I 

The  attainment  of  such  high  muzzle  velocities  is  prevented, 
not  by  the  impossibility  of  designing  a  gun  to  produce  them,  but 
simply  by  the  realization  that  such  a  gun  of  conventional  design 
would  erode  so  rapidly  that  its  use  would  not  be  economically  fea¬ 
sible.  Therefore,  if  a  means  of  greatly  retarding  erosion  could  be 
discovered,  it  would  not  only  increase  the  life  of  guns  in  general, 
but  also  it  would  permit  the  development  of  these  special  weapons 
having  high  muzzle  velocities  without  bringing  in  the  complication 
of  novelty  of  design. 

li.  Outline  of  the  present  survey 

A  discussion  of  some  of  the  elementary  features  of  the  con¬ 
struction  and  firing  of  guns  has  been  included  in  this  report,  so 
that  the  main  discussion  may  be  understood  by  a  reader  who  has  had 
no  previous  acquaintance  with  ordnance .  This  is  especially  necessary 

3/  In  a  recent  discussion  of  this  subject,  Vifeaver  [19U2]  con¬ 
cluded  that  "in  general  the  probability  of  hitting  varies  %Yith  at 
least  the  inverse  second  power  of  the,  time  of  flightj  and  with  an 
inverse  power  of  the  time  of  flight  which  may  be  3,  U,  5  or  even 
6  in  cases  progressively  complicated  by  more  severe  dodging," 

Earlier  Kent  [1933]  had  calculated  that  the  probability  of  hitting 
a  maneuvering  airplane  varies  inversely  as  the  fourth  poiver  of  the 
time  of  flight. 


-  5  - 

because  this  report  is  primarily  intended  for  the  use  of  civilian 
scientists .  Although  these  scientists  are  technically  well  quali¬ 
fied  to  investigate  the  problem  of  erosion  of  guns,  ordinarily  they 
have  had  no  more  opportunity  to  become  acquainted  vrith  the  details 
of  ordnance  than  most  ordnance  officers  have  had  to  learn  as  much 
as  they  would  like  to  knca'r  about  the  pure  sciences  underlying  the 
applied  science  that  is  a  part  of  ordnance.  Those  readers  who  are 
familiar  vrith  ordnance,  therefore,  may  well  omit  Chapters  II,  III 
and  17  and  a  feve  sections  in  some  of  the  later  chapters* 

The  design  of  some  parts  of  a  gun  affects  the  rate  of  erosion, 
and  therefore  a  description  is  given  in  the  present  voliuiK  of  certain 
features  of  gun  tubes,  projectiles,  propellants  and  the  conditions  of 
firing,  so  that  the  necessary  information  will  be  at  hand  for  later 
application  in  a  discussion  of  the  relation  of  these  factors  to 
erosion.  Other  parts  of  a  gun  —  the  breech  mechanism,  the  firing 
mechanism,  the  recoil  system,  the  carriage  or  other  mounting,  the 
aiming  and  laying  devices,  and  the  fire  control  instruments  —  do 
not  affect  the  progress  of  erosion  and  therefore  they  are  not  dis- 

t 

cussed. 

In  the  second  volume  —  Chaps,  VIII  to  XV  —  erosion  is  con¬ 
sidered  as  a  result  of  the  interaction  of  the  gun  tube  vcith  its  en¬ 
vironment  during  the  few  thousandths  of  a  second  that  elapse  during 
firing.  The  eroded  surface  is  described  in  detail  and  then  the  effect 
of  varying  the  different  factors  of  the  environment  are  set  forth  to 
the  extent  that  information  concerning  them  is  available.  The  experi¬ 
mental  methods  of  study  of  gun  erosion  are  described;  formulas  for 
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the  life  of  guns  are  summarized^  and  finally,  some  of  the  theories 
that  have  been  suggested  to  explain  the  erosion  of  guns  are  dis¬ 
cussed. 
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CHAPTER  II  GUNS 

^ .  Classification 

Guns  are  classified  first,  with  respect  to  purpose,  and  second, 
with  respect  to  size.  To  a  certain  extent  the  two  systems  are  not 
mutually  exclusive,  for  the  use  of  the  weapon  often  demands  a  cer¬ 
tain  size  in  order  that  it  should  be  effective.  The  purpose  of  the 
gun  is  related  to  erosion  only  in  so  far  as  it  may  be  reflected  in 
the  design  or  in  the  conditions  of  firing  —  for  instance,  the 
large  projectile  and  low  muzzle  velocity  of  a  howitzer  or  the  rapid 
fire  of  an  antiaircraft  gun. 

The  size  of  a  gun  is  measured  in  terms  of  the  diameter  and  the 
length  of  the  bore.  The  diameter,  which  is  called  the  caliber  of 
the  gun,  is  the  principal  dimension.  The  length  of  the  gun  from 
the  muzzle  to  the  face  of  the  breech  block  is  usually  expressed  in 
terms  of  calibers,  that  is,  it  is  expressed  as  the  ratio  of  the 
actual  length  to  the  diameter.  Table  I  shows  the  dimensions  of  a 
representative  series  of  guns. 

Guns  may  be  broadly  classified  on  the  basis  of  caliber  into 
small  arms  and  cannon  (or  artillery) .  A  .50-caliber  machine  gun 
is  the  largest  size,  standard  small  arm,  and  a  20-mm  gun  is  the 
smallest  size  cannon  in  the  U.S,  Army,  The  old  classification  of 
artillery  into  guns ,  howitzers  and  mortars  has  lost  some  of  its 


^  Most  of  the  information  contained  in  this  chapter,  for 
which  no  other  source  is  indicated,  has  been  taken  from  Hayes 
{193.8]  or  from  Naval  Ordnance  [1939]. 
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Notes  on  the  Purposes  of  the  Guns  Listed  in  Table  I 


,30~saliber  M1917A1  Browning  taachine  is  the  standard 
ground  machine  gun,  and  is  also  used  as  an  auxiliary  antiaircraft 
vraapon.  It  is  a _ recoil-operated  and  belt-fed  automatic  gun  fir¬ 
ing  at  the  rate  of  liOO  to  32b  shots/min  from  a  tripod  mount.  It 
is  water-cooled. 

The  .50-caliber  M2  Browning  machine  gun  is  made  up  in  three 
types  —  water-cooled,  heavy  barrel  (,air-cooled)  and  aircraft 
(air-cooled)  —  by  assembly  of  the  proper  barrel  and  jacket  on  a 
basic  receiver.  The  ;vater- cooled  gun  is  the  principal  antiair¬ 
craft  machine  gun  of , antiaircraft  regiments.  It  fires  at  the  rate 
of.  600  rounds/min  from  a  tripod  mount. 

The  20-mm  guns  Ml  and  M2  are  automatic  aircraft  weapons 
mounted  either  for  firing  through  the  hub  of  the  propeller  or  as 
a  fixed  gun  in  the  wing.  The  rate  of  fire  is  600-700  rounds/min. 
The  only  difference  bstvireen  the  Ml  and  M2  guns,  the  former  of 
which  is  a  substitute  standard,  is  in  the  dimensions  and  shapes 
of  some  of  the  receiver  parts. 


The  37~mm  guii  iQ  is  the  smallest  field  gun  used  by  the  in¬ 
fantry  and  cavalry  in  the  U.  S.  Army,  It  is  intended  especially 
for  antitank  service.  Its  carriage  Mli,  which  is  designed  for 
great  mobility  over  any  kind  of  ground,  can  be  controlled  by  one 
man.  The  gun  is  manually  operated,  Its  tube  can  be  easily  un- 
screvred  from  the  breech  ring  for  replacement  when  it  becomes  over¬ 
heated  or  worn  out.  This  gun  fires  both  armor-piercing  (1,92-lb) 
and  high-explosive  (1.63-lb)  projectiles.  The  37-mm  gun  M1A2, 
which  is  the  standard  cintiaircraft  yreapon  of  this  caliber,  is  an 
automatic  gun  firing  a  lighter  projectile  (1.3li  lb)  than  gun  i0 
at  a  rate  of  120  rounds/rain,  with  a  muzzle  velocity  of  2600  ft/sec. 
This  gun  is  slightly  longer,  and  the  twist  of  rifling  is  1/30, 

The  73-inm  guns  112  and  v/hich  are  the  same  except  for 
length,  have  been  designed  for  mounting  on  tanks.  The  former  is 
a' substitute  standard,  to  be  used  as  long  as  the  stock  on  hand 
lasts*  They  are  recent  (19ii1)  adaptations  of  the  original  73-inm 
gun  Ml 897  (French),  Ballistically,  the  now  gijns  differ  .from  the 
Ml 897  only  in  length.  They  use  the  same  ariimunition.  The  longer 
of  these  guns  is  nearly  20  percent  fighter  than  the  H1897A2  gun 
because  it  is  of  nonobloc  construction. 

The  73-ram jpin  M189JA2,  which  is  still  the  standard  light 
field  gun,  is  3U,5  calibers  long  and  has  a  muzzle  velocity  of 
1950  ft/sec.  The  73-mm  guns  Ml 91 6  (U.  S.)  and  Ml 91 7  (British), 
which  are  limited  standards' ■for  tTiis  same  service,  are  only  28. U 
calibers  long  and  have  a  muzzle  velocity  of  I9OO  ft/sec.  Their 
most  distinctive  feature  is  that  they. employ  rifling  of  increas¬ 
ing  twist.  These  light  field  guns  are  to  be  superseded  by  the 
103-mr..  hovatzer  M2A1, 
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The  3-iri»  AA  gun.  M3  is  nov.'  a  limited  standard,  to  be  super¬ 
seded  eventually  by  the  9Q-ram  gun  Ml ,  of  which  production  was 
started  in  I9U0,  The  loose  liners  for  the  3-in,  gun  continue  to 
be  made.  These  tvro  guns  are  mobile  antiaircraft  weapons.  Al¬ 
though  the  90-mi  gun  has  about  one-third  greater  naKimum  range 
and  fires  a  much  heavier  projectile  at  approxiraately  the  same 
rate  of  fire  (25  rounds/nin),  the  total  weight  of  the  gun  and 
mount  is  less  than  20  percent  greater  than  that  of  the  3-in,. gun, 
because  improvements  in  metallurgy,  especially  in  cold-working, 
have  made  possible  monobloc  construction. 

The  105-nim  AA  gun  IQ  is  now  (19ii2)  the  standard  fixed  heavy 
antiaircraft  weapon T  The  U.7-iJ^»  AA  gun  T2  is  an  experimental 
heavy  mobile  model  under  development.  Just  as  the  substitution 
of  the  90-mra  for  the  3-in.  gun  gives  increased  effectiveness  in 
light  antiaircraft  guns,  so  the  U.7-in.  is  designed  for  use  against 
targets  at  higher  altitudes  (50,000  ft)  than  can  be  reached  with 
the  105-mm  gun.  This  greater  range  is  obtained  by  the  use  of 
greater  muzzle  velocity  and  a  heavier  projectile  of  radically  im¬ 
proved  ballistic  form. 

The  l55-mm  gun  M1A1  is  the  most  powerful  of  the  standard 
heavy  mobile  artillery  weapons.  (The  others  are  the  l55-mm, 

8- in.  and  2ij.0-nim  hovi^itzers,  all  of  v/hich  have  lower  velocities 
and  shorter  ranges.)  It  differs  from  the  l55-nim  gun  Ml  only  in 
the  breech  ring,  but  it  differs  from  the  old  l55-mm  gun  Ml?l8 
G,  P,  P,  ("Grand  Puissance  Filloux"),  which  it  superseded  in 
I9UI,  by  having  greater  power.  The  Ml 91 8  gun,  vdiich  was  only  32 
calibers  long,  fired  a  high-explosive  projectile  of  the  same 
weight  at  a  muzzle  velocity  of  only  2ij.10  ft/sec,  using  a  charge 
of  26  lb. 

The  8-in,  gun  Mk,  VI,  M3A2  and  the  lU-in.  gun  Ml920i'l3  are  ■ 
the  principal  standard  railway  artillery.  The  former  gun  has 
been  constructed  by  rechaabering  one  designed  by  the  U,  S.  Na.vy. 

The  16-in.  gun  11191910  is  a  limited  standard  for  the  primary 
armament  of  harbor  defense  installations.  It  is  not  expected,  how¬ 
ever,  that  any  more  wire-wound  guns  will  be  produced.  The 
present  stesndard  for  new  installations  is  the  l6-in.  gun  Mk,  IIMI , 
which  is  a  built-up  gun  obtained  from  the  Navy, 


precision;  but  these'  nasies  still  denote  differences  of  length  that 


are  implicit  in  the  different  purposes  of  the  three  types.  A  gun, 
in  this  special  sense  of  the  ■word,  is  the  longest,  heaviest  type 
of  weapon  of  a  given  caliber  and  has  the  highest  velocity  and  the 
longest  range.  A  howitzer  is  shorter  and  lighter  and  has  a  lower 
velocity  and  a  shorter  range.  A  mortar  is  a  very  short  weapon  that 
is  fired  at  a  high  angle  of  elevation  with  a  relatively  short  range 
for  indirect  fire.  The  term  gun  is  also  used  in  a  special  sense  to 
refer  to  the  tube  (or  tubes  and  jackets  In  a  built-up  gun)  and 
breech  mechanism  as  a  complete  unit  as  distinguished  from  the  mount, 
which  includes  the  recoil  mechanism. 

6.  The  tube 

A  gun  must  have  walls  strong  enough  to  v/ithstand  the  intemal 
pressure  of  the  powder  gases.  Because  this  pressure  diminishes 
toward  the  muzzle,  the  wall  thickness  of  the  tube  can  be  tapered  in 
that  direction.  Bight  at  the  muzzle,  hovrever,  the  wall  thickness 
of  a  large  gun  is  usually  increased  somewhat  to  form  the  so-called 
bell  muzzle .  in  order  to  make  up  for  the  loss  of  strength  occasioned 
by  the  ending  of  the  tube.  The  necessary  strength  of  tube  throughout 
its  length  is  obtained  by  using  a  proper  thickness  of  high-grade  alloy 
steel  having  a  high  tensile  strength.  In  addition,  large  guns  are 
made  stronger  or  rather  equally  strong  with  thinner  walls  —  by 
putting  the  inner  layers  of  the  tube  under  compression.  This  is 
accomplished  by  ynTapping  the  tube  with  several  layers  of  wire  under 
tension,  by  shrinking  on  the  tube  a  jacket  and  one  or  more  steel 
hoops,  or  by  expanding  the  bore  beyond  the  elastic  limit  of  the  steel 


by  hydraulic  pressure  before  it  has  been  machined  to  final  dimen¬ 
sions,  Wire-wound  guns,  although  still  in  service,  are  no  longer 
constructed  in  this  country.  Built-up  guns  are  frequently  made 
with  two  slightly  tapered  coaxial  tubes,  the  inner  one  of  which 
constitutes  a  liner  that  can  be  replaced  after  it  has  worn  out. 

The  replacement  requires  that  the  tube  be  sent  to  an  arsenal,  for 
it  has  to  be  expanded  by  heating  in  order  to  disengage  the  liner, 
which  is  made  with  a  taper  of  about  0,003  times  the  diameter  per 
inch.  The  use  of  a  loose  liner  that  can  be  screwed  into  a  small- 
caliber  tube  by  the  gun  crew  was  tried  by  the  U.S.  Army  in  its 
3-ln.  antiaircraft  gun,  but  it  was  discontinued  because  of  the 
difficulty  of  replacement  under  field  conditions.  The  British  Array 
has  used  a  loose  liner  with  some  success  in  their  3*7-  and  U.5-in. 
antiaircraft  guns . 

The  process  of  radial  expansion^  —  called  also  autofrettage 
and  cold-working  —  has  been  applied  to  guns  up  to  8  in.  in  diameter. 
A  hydraulic  pressure  of  110,000  to  1^0,000  Ib/in?  is  used  to  produce 
a  permanent  enlargement  of  the  diameter  of  the  bore  amounting  to 
about  6  percent j  then,  after  the  pressure  is  removed,  the  outer 
layers  contract  and  place  the  inner  layers  of  the  tube  in  a  state 

III  II  ■■nil  II  IMI  ■  I  Mil . .  I  ■  II  ■  I  I  ■  . .  11  ■  I 

5/  This  process,  which  was  originated  by  the  French  ”auto- 
frettage”  is  French  for  "self-hooping" ) ^  has  been  developed  by  the 
Navy  at  the  Naval  Gun  Factory,  Washington  Navy  lard,  and  by  the  ArnQr 
at  Watertown  Arsenal,  A  number  of  reports  from  Watortov/n  Arsenal 
dealing  with  the  development  of  the  process  are  on  file  in  the 
Ordnance  Library,  cataloged  under  "Cold-working,"  In  l^l^l,  equip¬ 
ment  for  cold-working  on  a  production  basis  was  put  in  operation  at 
IVatervliet  Arsenal. 


of  permanent  compression.  A  radially  expanded  monobloc  tube  instead 
of  a  tube  with  a  replaceable  liner  is  now  preferred  by  the  Army  for 
•small  guns,  because  the  foniier  weighs  less  and  hence  can  be  used  on 
a  lighter  mount.  Also  it  has  been  found- that  the  cost  of  an  entire 
monobloc  tube  is  not  much  more  than  that  of  a  liner  alone,  and  much 
less  than  that  of  a  liner  and  tube  {Ord,  Dept.,  igliOa;  II,  p.  6?] . 

7 .  Tapered  bore 

Although  the  bore  of  an  ordinary  gun  is  cylindrical,  some  guns 
having  a  tapered  bore  have  been  developed  in  order  to  obtain  a  higher 
muzzle  velocity  vrithout  a  corresponding  Increase  of  erosion.  They 
have  been  revien^ed  separately  [Burlew,  19lt2]  . 

8.  The  rifling 

An  elongated  projectile  requires  a  high  rate  of  rotation  for 
stability  in  flight  and  for  the  operation  of  fuzes  of  certain 
types.  This  rotation  is  obtained  by  the  rifling  cutting  into  a 
layer  of  soft  metal  on  the  circumference  of  the  projectile  as  the 
latter  is  propelled  down  the  tube.  The  rifling  consists  of  a  series 
of  helical  grooves  in  the  surface  of  the  bore,  the  depth  of  which  is 
of  the  order  of  magnitude  of  1  percent  of  the  diameter.  The  raised 
portions  of  the  bore  between  the  grooves  are  called  lands .  The 
twist  of  the  rifling,  v/hich  is  expressed  as  the  number  of  calibers 
of  length  in  one  turn,  in  combination  ^vith  the  muzzle  velocity  of 
the  projectile,  determines  the  rotational  velocity  of  the  projectile. 

The  design  of  the  rifling,  in  terms  of  the  ntuaber,  width,  depth 
and  form  of  the  lands  and  grooves  and  the  degree  and  xuiiformity  of 
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the  twist,  is  a  complex  subject.  Although  many  designs  of  rifling 
have  been  tried,  there  is  not  complete  agreement  today  as  to  the 
most  suitable  one.  The  currently  produced  guns  of  the  U.S,  Arny 
have  rifling  of  uniform  twist  that  varies  from  1  turn  in  2$  calibers 
to  1  tvirn  in  IiO  calibers.  The  number  of  grooves  increases  with  the 
caliber,  so  that  the  widths  of  lands  and  grooves  are  approximately 
the  same  for  guns  of  all  sizes.  The  lands  are  about  0.1 5  in.  wide 
and  the  grooves  slightly  T/ider*  and  the  width  of  each  is  uniform 
throughout  the  length  of  a  given  gun  (see  Table  I). 

Effect  of  design  of  rifling  on  erosion 
The  effect  of  the  rifling  on  erosion  is  not  very  well. under¬ 
stood.  The  presence  of  stress  concentrations  at  the  sharp  corners 
where  the  lands  and  grooves  join  has  been  mentioned  as  an  important 
contributory  factor  by  various  writers  [Howe,  19l8j  Justrow,  1 923] , 
but  a  quantitative  evaluation  does  not  seem  to  have  been  attempted. 
The  strength  of  the  lands  in  shear  was  calculated  by  Justrow  [1923] , 
who  considered  that  the  reduction  of  bearing  surface  as  erosion 
proceeds  tends  to  increase  subsequent  erosion. 

The  twist  of  rifling  may  affect  erosion  resistance.  An  erosion 
test  was  made  at  Aberdeen  Proving  Ground  [Lane,  19331  of  a  3-in. 
antiaircraft  gun  liner  rifled  with  straight  grooves  for  the  first 
23^  in.  from  the  origin  of  rifling  (see  Sec.  11)  and  then  with  a 
twist  that  gradually  increased  to  1  turn  in  hO  calibers  during  the 
next  113i  in.  For  the  last  7  in,  to  the  muzzle  the  twist  v^as  uniform 
1  in  UO.  This  liner  was  fired  2950  rounds,  for  cougar Ison  with 
another  having  a  uniform  twist  of  1  in  UO  over  its  whole  length. 
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Both  liners  had  been  made  of  carbon  steel  of  the  same  chemical  com¬ 
position  and  practically  the  same  heat  treatment.  Both  had  been 
radially  expanded,  the  one  with  increasing  twist  slightly  more  than 
the  other. 

The  gim  with  increasing  twist  of  rifling  eroded  less  than  the 
other,  except  at  the  muzzle,  throughout  the  course  of  the  comparison. 
After  29^0  rounds,  for  instance,  at  the  origin  of  rifling,  the  in¬ 
crease  of  diameter  of  the  lands  was  only  0,182  in.  compared  with 
0.232  in.,  and  of  the  grooves  0.112  in.  compared  with  0,166  in. 

At  the  same  time,  at  10  in,  from  the-  origin,  the  corresponding  in¬ 
creases  were  0,088  and  0,113  in,  on  the  lands  and  0,0l;6,  and  0,059  in, 
on  the  grooves.  The  decrease  of  muzzle  velocity  after  2000  rounds 
was  only  50  ft/sec  for  the  liner  with  increasing  tvdst,  but  it  was 
1ii5  ft/sec  for  the  other  one.  The  deviations  in  range  were  the  same. 

10.  The  forcing  cone^ 

The  rifling  is  terminated  at  the  end  of  the  bore  toward  the 
breech  by  a  tapered  section  along  which  the  diameter  across  the  lands 
increases.  This  so-called  forcing  cone  (called  also  band  slope  and 
compression  slope)  continues  toward  the  breech  a  short  distance 
behind  the  point  at  which  the  diameter  of  the  lands  equals  that  of 
the  grooves.  Its  rear  portion  forms  the  seat  for  the  rotating  band 
on  the  pro;3ectile  (see  Sec,  18) ,  which  is  machined  to  a  matching  conej 
and  the  forward  portion,  along  which  the  tops  of  the  lands  are 


^  For  a  drawing  showing  the  various  parts  of  a  gun  tube,  see 
Naval  Ordnance  (1939)#  plate  1,  Chap  IV. 


I 
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tapered,  facilitates  the  engraving  of  the  rotating  band  when  the 
projectile  begins  to  move.  The  forcing  cone  is  usually  about  in* 
long.  At  the  rear  of  it>  in  a  gun  firing  fixed  armunition  (see 
Sec,  21)  is  the  centering  cylinder,  into  which  the  neck  of  the 
cartridge  case  fits.  The  diameter  of  this  cylinder  is  0,2  to  0,3 
in,  greater  than  the  diameter  a.cros3  the  lands,  Behind  it  an¬ 
other  enlargement  of  the  diameter,  called  the  chai.iber  slope,  joins 
the  centering  cylinder  with  the  chamber  proper.  In  guns  firing 
separate-loading  ammunition  (Sec.  21),  the  forcing  cone  is  fre¬ 
quently  elongated,  and  sometimes  —  for  example,  in  the  155-rara 
gun  Ml  —  it  is  combined  with  the  chamber  slope,  which  eliminates 
the  centering  cylinder. 

11,  Origin  of  rifling 

The  origin  of  rifling  is  the  point  along  the  axis  of  the 
bore  that  corresponds  to  the  place  on  the  forcing  cone  where  the 
lands  and  grooves  have  the  same  diameter;  the  length  of  rifling 
is  measured  from  this  point  to  the  muzzle.  In  U.  S,  Amy  reports 
on  the  extent  of  erosion,  however,  "origin  of  rifling"  refers  to 
the  forward  end  of  the  forcing  cone,  whore  the  grooves  have 
attained  their  full  depth.  In  U,  S,  Navy  and  also  in  British 
reports,  the  erosion  is  commonly  measured  1  in.  in  front  of  the 
true  origin  of  rifling, 

12 .  The  chamber 

The  chamber  is  properly  that  portion  of  the  gun  between  the 
centering  cylinder  and  the  face  of  the  breech  block;  frequently. 
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hovrcver,  the  terra  Is  used  to  erabrnce  the  whole  spa.ee  up  to  the 

y 

origin  of  rifling,  in  which  case  the  total  length  of  the  tuba  is 
the  sum  of  the  length  of  the  rifling  and  the  length  of  the  chamber. 
The  ratio  of  the  diameter  of  the  chamber  to  that  of  the  bore,  which 
is  called  the  chombrago ,  varies  from  1 ,0$  in  some  Germcn  guns  to 
1,50  in  the  new  i^.V-in,  AA  gun  Ml  of  the  U.  S,  Army,  Gun  designers 
of  the  U.  S.  Navy  consider  1.20  a  desirable  ratio  [Naval  Ordnance, 
1939.  p.  86] ,  The  walls  of  the  chamber  in  a  gun  using  a  cartridge 
case  are  tapered,  the  diameter  at  the  breech  end  being  a  fe’ff 
hundredths  of  an  inch  greater  than  at  the  forv^rord  end,  in  order 
to  facilitate  removal  of  the  case.  In  large  guns  using  bag  ammuni¬ 
tion,  the  rea.r  of  the  chamber  is  necked  doTO  along  a  conical  sec-- 
tion,  called  the,  chamber  rear  slope,  in  order  to  decrease  the  size 
of  the  breech  block. 

13 «  Effect  of  chamber  design  on  erosion 

The  greater  the  chambrage,  the  greater  is  supposed  to  be  the 
erosion.  According  to  Hugoniot  and  Sebert  [1882] ,  Charbonnier 
[1908.  1922]  and  Tulloch  [1921] ,  a  bottle-necked  chpmber  ca.uses 
eddying  of  the  powder  gases  at  the  origin  of  rifling,  vrith  the 
result  that  local  washing  action  on  the  wall  is  set  up.  The 
effect  of  such  turbulence  was  demonstrated  by  de  Bruin  and 
de  Pauw  [1931]  in  the  case  of  an  erosion  vent  plug  (see  Sec,  86) 
by  means  of  a  plug  made  in  three  parts.  The  first  and  third 
parts  had  holes  1  lan  in  diameter  and  10  mn  long,  whereas  the 


7/  The  term  is  used  in  this  iraj  in  Table  I. 
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interaediate  section  had  a  hole  7  nr.!  in  diameter  and  5  ram  long. 
Vifhen  such  a  vent  plug  was  fired,  using  UO-percent  NG  povrder,  at 
a  naxiraura  pressure  of  lUOO  atmos,  the  third  part  of  the  plug 
eroded  more  than  the  first,  even  though  the  g<?.s  had  lost  some  of 
its  energy. 

The  recoiraraendation  made  by  Hugoniot,  Charbonnier  and  Tulloch 
that  the  chamber  should  not  be  much  greater  in  diameter  thoji  the 
bore  seems  plausible,  but  no  qurntitative  data  to  support  it  are 
known  to  exist.  The  reason  for  this  is  that  ordinarily  vfhen  two 
guns  of  the  same  caliber  are  made  vfith  chambers  of  different  dia¬ 
meters,  all  other  features  of  the  design  are  not  kept  constant. 

The  chamber  of  la.rger  diameter,  for  instance,  will  have  a  larger 
volume  and  hence  the  correspondingly  larger  charge  used  in  it 
may  be  the  sole  cause  of  the  increased  erosion  (see  Sec,  10^). 

lil.  Examination  of  the  bore 

The  surface  of  the  bore  of  a.  gun  is  examined  by  moans  of  a 
borese archer,  t/hich  consists  of  an  illuminated  mirror  and  a.  tele¬ 
scope.  For  bores  of  diameter  6  in.  or  less,  the  two  parts  a.re 
combined  in  one.  instrument,  called  a  boros cope ,  which  may  be 
quickly  focused  on  any  part  of  the  bore  surface.  For  measure¬ 
ment  of  the  diaraoter  of  the  bore,  an  instrument  called  a  star 
gage  is  used.  It  consists  of  either  or  throe  measuring  points 

that  nay  be  extended  radially  in  a  piano  by  the  movement  of  the 
handle  at  the  opposite  end  of  a  long  staff  until  the  points  make 
contact  avith  the  -wall  of  the  bore.  Then  the  diameter  nay  be  read 
fraa  a  scale  —  either  vernier  or  micrometer  —  on  the  handle. 
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All  guns  are  exaj, lined  with  a  boresoarcher  and  measured  with  a 
star  gage  at  the  time  of  manufacture , 

Ip*  Steels  used  for  gun  tubes  and  liners 

The  U,  S,  Navy  has  used  for  many  years  a  plain  carbon  steel 
for  its  gmi  liners  and  a  3-porcent  nickel  steel  for  tubes,  hoops 
and  jackets.  Typical  compositions  of  these  two  steels  are  given 
in  Table  II,  The  nickel  steel  differs  frora  the  carbon  steal  only 
in  its  nickel  content  and  in  having  a  slightly  sraaller  aacunt  of 
carbon.  The  yield  strength  of  the  gun  steel  must  be  at  least 
53,000  Ib/in^  and  that  of  the  nickel  steel  at  least  65,000  Ib/inf 
[Naval  Ordnance,  1936} , 


Table  II,  Chonical  composition,  in  pcrcentrages,  of  steels 
used  in  U .  S ,  Navy  gunsV 


G 

tin 

Si 

P 

s 

Ni 

No. 

Gun  steel 

0.ii2-0.50 

0.70 

0.27 

0.03 

0.03 

m 

loUo 

Nickel  steel 

0.35-0,ii2 

0.70 

0,27 

0.03 

C.03 

, - - 

^1^ 

23ii0 

1 

*After  Naval  Ordnance  [1939] ,  pp.  118-119. 


The  U.  S.  .,rTny  uses  a  variety  of  different  compositions  of 
lov^-alloy  steels  for  gun  tubes  and  liners,  procured  on  the  basis 
of  a  macro-etch  test  and  tensile  properties ,  The  folloviring  quota¬ 
tion  from  Notes  on  the  soloctlon  and  use  of  motals  in  ordnance 
design  [Ord,  Dept.,  1 9U0b ,  p.  86],  prepared  at  Watorto^m  Arsenal, 
explains  the  present  policy. 


8/  Tho  relation  between  the  properties  of  the  gvin  metal 
and  erosion  is  discussed  in  Chap,  XI. 
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‘•dheriiiCcil  compositions  are  nomally  not  prescribed  because 
other  factors  such  as  proper  molting  and  finishing  of  the  metal 
and  its  final  cleanliness  play  an  important  part.  The  method  of 
pouring,  size,  relative  dimensions  and  shape  of  molds,  proper 
method  of  reduction  in  hot  vrorking,  and  heat  treatment  in  various 
stages  of  the  process  are  also  important  in  securing  the  quality 
of  product  desired  in  grm  steels. 

''Every  nanuf a.cturer ,  depending  on  his  equipment,  sta-ff,  con¬ 
ditions  of  work,  etc.,  as  vfell  as  his  previous  experience  and 
tra.ditions,  will  have  a  preference  for  certain  definite  composi¬ 
tions,  It  is  advisable  to  let  the  manufacturer  choose  his  ovm 
composition  and  assume  the  responsibility  for  his  v/ork  so  long  as 
the  physical  and  metallogrr.phic  properties  care  sa.tisf actcry  for 
gun  material. 


"In  normal  gun  steels,  the  designer  is  primarily  interested 
in  the  physical  characteristics  obtainable.  Specif icaticn  57-'103 
provides  for  the  follovifing  physical  properties; 


Yield  strength 
Tensile  strength 
Elongation 
Reduction  of  area 


65,000  Ib/in? 
95,000  Ib/in? 
13.0  percent 
30.0  percent 


The  trend,  however,  is  toward  the  fcllovj-ing  requirements  which 
have  been  found  more  practical  for  Ordnance  purposes; 

For  tubes  and  liners  (medium  strength)  — 

Yield  strength  (set,  0.05  percent)  65-60,000  Ib/in? 
Reduction  of  area  U5.0  percent  minlmiua,” 

For  37-i5m,  1,1-in.,  etc.  (high  strength)  — 

Yield  strength  (set,  0.05  percent)  95-110,000  Ib/in^ 
Reduction  of  area  U5.0  percent  minimum. 


The  above  values  are  readily  obtainable  in  centrifugal  castings, 
and  the  manufacturer  of  forg,ings  can  meet  such  requirements  with 
reasoncably  clean  steel, 

"The  procurement  of  gun  tubes  and  liners  produced  by  the 
centrifugal  casting  process  is  covered  by  specif ication  57-66, 
The  high  ductilitj'’  from  transverse  spoci.iens  in  the  case  of 
centrifugal  castings  is  duo  to  the  method  of  manufacture,  'V'j'hich 
definitely  eliainates  the  directional  properties  alvrays  present 
in  forgings," 


The  compositions  of  a  number  of  forgings  and  centrifugal 
castings  used  in  guns  recently  completed  by  the  /army  a.re  listed 
in  Table  III,  The  tensile  properties  of  these  steels  exceeded 
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Table  III,  Cheraical  coraposition,  in  percentages,  of 
steels  currently  used  in 


Element 

A 

B 

c 

D 

G 

0.20—0 ,2ii 

0.31-0, 3ii 

0.31-0.35 

0.ii3-0.iiii 

Mh 

0.60-0.90 

o,6uq,77 

0.71-0.73 

0.59-0.67 

Si 

0.15-0.23 

0.20rr0.30 

0.2 

0.18-0.26 

P 

0.006-0.011 ' 

0.027-0.035 

0.01]4-0.02ii 

0.012-0.02 

S 

0.016-0.018 

0.029-0.038 

0,019-0.023 

0.015-0.018 

Mo 

O.liii-0.53 

0.32-r0:.38 

0.30-0.35 

0.!;7-0.ii9 

V 

0.06-0.16 

0,19^0,23 

0.00-0,06 

0.19-0.21 

Cr 

0.91-1.08 

— 

0.53-0.97 

0.19-0.30 

Ni 

i  — 

— 

2.26-2.1i6 

0.18-0.36 

’^rcin  Record  of  measurements  and  report  of  inspaction.  in 
the  files  of  the  ..rtillorj’-  Division,  Ordnance  Dopartnent,  U.  S. 
.-ray. 


A,  Range  of  conpositions  of  lit  centrifugal  castings  made 
in  I9U0-UI  for  37-mn  and  90-rjii  gun  tubes  and  3-in.  i-Ai  gun  liners 
to  be  either  heat  treated  to  strength  or  cold-vj-orked, 

B.  Range  of  cor.ipositions  of  8  forgings  made  in  19iiO-Ul  for 
l5?-nm  gun  tubes,  to  be  cold-worked. 

C,  Range  of  compositions  of  3  forgings  made  in  for 

75-nn  gun  tubes,  to  bo  heat  treated  to  strength. 

D.  Range  of  compositions  of  3  forgings  made  in  IpUO-lil  for 
8-in.  gun  liners,  to  be  heat  treated  to  strength. 

the  requirements  just  quoted.  The  composition  of  the  centrifugal 
ca,stings  in  coluiiin  A  represents  a  development  at  Watertorjn  .»rsena,l. 
Donald  {19373  recommended  essentially  this  same  composition  ex¬ 
cept  for  carbon  content  (0,35-0.1i0  percent)  for  making  a  centri¬ 
fugal  casting  to  be  heat  treated  to  a  yield  strength  of  125,000 
Ib/in^,  as  a  result  of  a  test  of  32  experimental  castings  of 
various  compositions.  Bender  and  Pappas  [I9ltl3 ,  after  a  study 
of  five  slightly  different  compositiens,  confimed  the  choice. 
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Thair  work  showed  that  tho  variations  in  chroraiun  and  manganese 
had  only  minor  effects  on  physical  properties,  but  "that  sub¬ 
stantial  changes  in  physical  properties  may  be  brought  about  by 
changes  in  carbon  content."  The  higher  the  carbon  content,  the 
higher  the  yield  strength.  Bender  and  Pappas  reccaimended  0.30-0,35' 
percent  ca.rbon  for  a  yield  strength  of  121,000  to  123,000  Ib/inf 
For  rifles  and  machine  guns  the  formerly  usod  manganese 
steel,  V<,  D.  (S.A.E.)  1330,  has  been  superseded  by  a  chrome  molyb¬ 
denum  stool,  W.  D.  (S.A.E.)  lilliO  medified,  vrhich  has  been  found 
to  increa.se  the  service  life.  The  compositions  of  these  two 
steels  are  given  in  Table  IV.  For  bars  up  to  2  in.  in  diameter 
the  minimum  yield  strength  specified  is  110,000  Ib/inf,  the 

minimum  elongaution  is  18  percent  and  the  r-iinii.ium  reduction  of 

2/ 

area  is  30  percent.  These  tensile  properties  represent  a  consider¬ 
able  ireprovonent  over  these  cf  the  23  alloy  steels  that  had  been 
tested  (see  Sec,  92)  in  the  fciri  of  machine-gun  barrels  at 
Springfield  ..naory  in  the  early  nineteen-tv/enties,  only  one  of 
which  had  contained  any  molybdenum. 


Table  W,"  Chemica.1  composition,  hi  percentages,  of 
steels  used  in  small  anas  barrels. 


Element 

W.D.  1330 

h.D,  ill 30  Mod. 

C 

0.143-0.33 

0.U3-0.33 

I.fa 

0.60-0.90 

0,60-0.90 

Si 

0.1 3  majc. 

P 

o.oii3 

0.023  man;. 

S 

0.033 

j  0,023  man. 

Cr 

— 

o 

03 

o 

1 

• 

o 

Mo 

— 

0.13-0.23 

9/  y,S,  .xrmy  Specification  No.  37-107-23,  Oct,.  11,  1939. 
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16.  Yield  strength 

The  yield  strength  referred  to  in  the  foregoing  section  is 

determined  by  the  "offset  method''  as  described  in  "Federal  speci- 

22/ 

fications  for  metals,"  In  this  method  the  oxtonsoneter  reading 
is  plotted  as  a  function  of  load  —  by  an  autographic  extenso- 
raeter  in  many  cases  —  until  the  curve  is  no  longer  linear.  Then 
a  straight  line  is  dra™  parallel  to  the  initial  straight  portion 
of  the  oxtensomoter  curve  and  offset  from  tlia.t  curve  by  an  amount 
equal  to  a  prescribed  set  —  for  cxanaplej,  0.05  or  0.1  jjercent  of 
the  gage  length.  The  load  corresponding  to  the  point  of  inter¬ 
section  of  this  line  and  the  extons ome ter  curve,  divided  by  the 
original  cross-sQctional  area  of  the  specimen,  is  the  yield 
strength.  The  va.lue  of  tho  set  norr  prescribed  —  usually  0,05 
percent  ■—  was  chosen  so  that  the  resulting  yield  strength 
corresponds  closely  to  that  determined  by  the  ppoportiona.! 
method,  which  formerly  v^as  used  for  inspection. 

For  a  given  sample,  the  yi;-ld  strength  is  numerically 

11/ 

larger  than  the  proportional  limit,  the  elastic  limit  or  the 

22/ 

proof  stress.  As  defined  in  the  same  specification,  these  three 


10/  Federal  Specification  [i«i'>i-M-l5la,  Nov,  27,  1936,  par. 
22g(27j j  published  in  the  Federal  standard  stock  catalog.  Sec. 

IV  (part  5),  ^  ” 

11/  The  yield -s-trength  doterained  by  the  proportional  method, 
\Thich  should  not  be  confused  vfith  tho  proportional  limit,  is  de¬ 
fined  in  Federal  Specif ica.tion  QQ-M-l^l  / 'p'ar,  ■2j?g(l)  as  follows: 
"Proportional  method.  —  The  yield  strength  shall  be  calculated  at 
the  reading  last  preceding  the  first  increment  of  load  which  pro¬ 
duces  an  increment  of  strain  v^hich  clearly  exceeds  twice  the 
increment  of  strain  taken  from  the  modulus  line." 

12/  Footnote  11,  pars.  37a,  b  and  c,'  . - 
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lir.iiting  stresses  correspond,  respectively,  to  0,  0.003  and  0.01 
percent  p'3n:uanont  elongation.  The  yield  point,  on  the  other  hand 
corresponds  to  an  extension  under  load  of  0.5  percent  or  greaterj 
and  the  tensile  strength  is  the  greatest  load  per  square  inch  of 
original  cross~33ctional  area  carried  hy  the  material  during  a 
tension  test. 


13/  Footnote  11,  pars.  22h  and.  37e, 
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Ca-PTER  III.  PROJECTILES 

17.  General  description  of  projectiles 

Modern  projectiles  are  elongated  to  secure  a  large  ratio  of 
Hass  to  cross-sectional  area,  and. thereby  long  range.  The  head 
of  the  projectile  is  provided  vfith  a  curved  surface  in  order  to 
decreo-se  the  irind  resistance;  and,  sinilarly,  the  rear  ond  is 
frequently  tapered  slightly  to  give  a  boat-tailod  shape,  vrhich 
reduces  air  resistance  at  velocities  in  the  region  of  the 
velocity  of  so\md.  The  longitudinal  cross  section  of  the  head 
is  bounded',  by  an  ogive ,  Ti^hich  is  an  arch-shaped  curve,  the  two 
branches  of  vrhich  are  arcs  of  two  large  circles  of  the  sane 
radius  intersecting  at  the  nose  of  the  projectile.  The  longi- 
tudinal  axis  of  the  projectile'  is  the  perpendicular  bisector  of 
the  line  joining  the  centers  of  these  two  circles.  The  radius 
of  the  ogive,  which  is  the  radius  of  the  two  circular  arcs,  is 
expressed  in  calibers.  Snail  arns  projectiles,  which  are  called 
bullets ,  have  a  soft  outside  jacket  of  copper  alloy  of  dimeter 
large  enough  to  be  cut  by  the  grooves  of  the  rifling,  i^t  the 
rear  of  a  bullet  is  a  circuraferontial  groove,  called  .a  cannelure , 
into  which  the  nouth  of  the  cartridge  case  is  crimped. 

i'n  rcrtillery  projectile  is  so  long  that,  in  order  to  keep 
it  centered  in  the  bore,  it  is  provided  with  a  bourrolet  at  the 
rear  of  the  head.  This  is  a  cylindrical  surface  that  has  boon 
machined  to  have  a  slight  clearance  in  the  bore  (sea  Table  I) , 
Behind  the  bourrolet,  v^hich  is  .about  one-sixth  caliber  vfidu,  the 
remainder  of  'the  body  has  a  diaxiator  slightly  less  than  tha.t  of 
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the  bourrelct,  sc  thet  it  does  not  touch  the  lends.  Near  the 
rear  of  the  projectile  a  rotating  band  (Sec,  18)  is  shrunk  and 
forced  into  an  undercut  groove  nachinsd  in  the  body  of  the  pro¬ 
jectile.  The  dimensions  of  the  cavity  of  the  projectile  and 
the  location  of  the  center  of  gravity  are  features  of  design 
that  are  iraportant  in  general  but  which  do  not  relate  to  erosion. 
The  general  proportions  of  artillery  projectiles  are  ex¬ 
pressed  in  approximate  terns  in  Table  V, 


Table  V ,  ^approximate  proportions,  in  calibers,  of 
artillery  projectiles^^ 


Length 

U  to  6 

Length  of  head 

2-1/3  to  3 

Ro-dius  of  ogive 

7  to  9 

Width  of  bourrelot 

1/6 

Width  of  rotating  band 

1/3 

Length  of  cylindrical 
prant  of  base 

iA 

ijnglo  of  boat-tail 

to  9° 

'Weight  (lb) 

•|  (caliber  in  inches)^ 

**fter  Hayes  [1938],  p.  3‘60. 

18.  Rotating  band 

The  rotating  band  —  called  the  driving  band  b;’'  the  British  — 
performs  tevo  functions  in  addition  to  furnishing  a  convenient  sur¬ 
face  for  the  rifling  to  engage  and  thus  to  spin  the  projectile. 

It  centers  the  rear  of  the  projectile  and  it  seals  the  forward  end 
of  the  powder  chamber.  Erosion  of  the  gun  adversely  affects  the 
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perfornance  of  ojl  three  of  these  functions  of  the  rotating  bend. 
The  lo-ck  of  centering  of  the  rear  of  the  projectile  in  the  bore 
of  a  worn  gun  has  been  suggested  [Miller,  1920]  as  a  major  cause 
of  the  Increase  of  dispersion.  The  increased  opportmity  for 
leakage  of  gas  past  the  rotating  brnd  (see  Chap.  XIII)  in  a  worn 
case  gun  (defined  in  Sec,  21)  may  account  for  the  increased  rate 
of  erosion  generally  ascribed  to  such  guns  as  compared  to  ba.g 
guns  (Sec,  21),  in  v^hich  the  projectile  is  rammed  hone  regardless 
of  hoMf  much  the  forcing  cone  has  boon  advanced  (see  Sec.  63), 

The  band  must  be  both  soft  and  strong  to  serve  its  several 
purposes.  Copper,  v.'-hich  was  formerly  used  exclusively,  is  still 
the  standard  material  for  the  rotating  bands  of  most  projectiles 
used  in  Navy  guns  and  of  those  of  larger  calibers  of  seacoast 
•artillery.  Gilding  metal  —  90  percent  Cu,  10  percent  Zn  — -  is 
widely  used  for  rotating  b^nds  by  the  ^irmy  in  order  to  reduce 
coppering  (see  Sec.  60)j  but  although  it  was  tried  by  the  Ka-vj--, 
it  is  nevf  used  by  that  service  only  for  projectiles  for  the 

lU/ 

1,1-in.  and  6- in.  guns. 

The  diaiueter  of  the  rota.ting  band,  as  nay  be  soon  from 
Table  I,  is  about  0.02  in,  greater  than  that  of  the  grooves  in 
a  nevi-  gun,  so  that  the  grooves  are  completely  filled  when  the 
rotating  band  is  engraved  as  the  projectile  moves  dovm  the  bore. 
The  starting  pressure  —  or  shot  start  pressure,  in  British  usage 
which  is  required  to  engrave  the  rotating  band,  is  considered  as 
part  of  the  friction  of  the  projectile  in  the  bore  (Sec,  UU),  A 


lU/  Dr,  L,  T,  E.  Thompson,  Naval  Proving  Groiuid,  personal 
communication.  Sept.  13,  19[i1. 
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recent  British  investigation  [j.,  C.  19h2c]  has  shovm  that  engrav¬ 
ing  of  the  rotating  band  of  a  3-in.  proof  shot  occiarred  partly  by 
plastic  flow  and  partly  by  shear,.  The  aiacunt  of  shear  increased 
v^ith  the  age  of  the  gun  after  it  had  been  tvro-fifths  worn.  It 
also  increased  with  the  degree  of  filling  of  the  grooves  and  with 
the  hardness  of  the  copper. 

Many  experinents  have  been  ftade  with  rotating  bands  for  the 
purpose  of  reducing  "fringing."  Depending  upon  the  design  of  the 
band,  excess  copper  nay  be  dragged  back  during  engraving  by  the 
rifling  to  forn  a  fringe  at  the  rear  edge  of  the  band,  and  then, 
as  the  projectile  leaves  the  nuzzle,  this  fringe  is  flared  out 
by  the  powder  gases  and  by  centrifugal  force  into  a  shape  like 
a  hoop  skirt,  -which  seriously  affects  the  flight  of  the  projec¬ 
tile.  A  resurae  of  the  nod  if  ic  at  ions  of  rotating  bands  tried  dur¬ 
ing  vTorld  V/ar  I  to  overcone  fringing  -was  given  hj  Veblen  and 
Alger  [1919] .  Fringing  is  eliminated  by  providing  some  place  for 
the  displaced  copper  to  flov/  into,  as,  for  instance,  by  cutting 
a  cannelure  at  the  roar  of  the  band, 

19.  Effects  of  the  rotating  band  on  erosion 

The  rotating  band  nay  affect  erosion  in  three  different 
■ways.  The  frictional  wear  between  it  and  the  surface  of  the 
bore  (Sec,  UI4)  is  generally  considered  important,  although  there 
is  no  moans  of  evaluating  its  contribution  to  the  total  erosion. 
Some  investigators  —  for  instance,  Justrow  [19^3]  —  consider 
that  the  frictional  wear  per  se  is  insignificant,  whereas 
others  —  for  Instance,  Kosting  [1939b]  —  conceive  of  it  simply 
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as  the  means  of  removal  of  portions  of  the  bore  surface  that  had 
already  been  loosened  by  previous  chemical  or  physical  action, 
Tulloch  [1921]  suggested  that  the  frictional  wear  is  increased 
at  the  muzzle  by  the  abrasive  action  of  particles  of  steel  carried 
forward  from  the  rear  of  the  bore,  At  any  rate,  some  evidence 
that  wide  rotating  bands  caused  more  erosion  than  narrovir  bands 
was  obtained  [Lane,  1933]  in  the  firing  of  3-in,  antiaircraft 
liners  (see  Sec,  9).  In  the  second  place,  the  design  of  the  rotat¬ 
ing  band  helps  to  determine  the  extent  to  TThich  gas  can  leak  past 
the  projectile,  which  is  an  effect  that  is  considered  in  detail 
in  Chap,  XIII.  In  the  third  place,  the  material  of  which  the  rotat¬ 
ing  band  is  made  may  add  another  factor  to  these  two  mechanical 
ones  by  reason  of  metal  fouling,  which  is  considered  briefly  in 
Sec,  68, 

20,  Cartridge  case 

Ammunition  is  of  tvro  general  types,  depending  on  vrhether  the 
powder  and  primer  are,  or  are  not,  contained  in  a  cartridge  case. 

The  cartridge  case,  which  is  usually’-  made  of  draym  brass,  also 
serves  as  an  obturator  to  prevent  the  escape  of  povirder  gases 
through  the  breech  mechanism.  The  thin  body  of  the  case  at  the 
forward  end  is  expanded  by  the  gas  pressure  until  it  makes  a  gas- 
tight  seal  with  the  wall  of  the  chamber,  (Obturation  of  the 
breech  of  a  gun  that  does  not  use  a  cartridge  case  is  obtained 
by  means  of  an  asbestos  mushroom  pad  or  other  gas  check  device 
v^hich  is  part  of  the  breech  mechanism,)  The  case  and  the  cham¬ 
ber  into  ’Which  it  fits  are  tapered  slightly,  in  order  to  facili¬ 
tate  removal  of  the  empty  case  after  firing.  The  primer  is  held 
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in  a  recess  in  the  botton  of  the  case,  so  that  it  is  struck  by 
the  firing  pin  that  operates  through  the  breech  nechanisn.  A 
cartridge  case  is  only  slightly  affected  by  firing,  and  there¬ 
fore  can  be  used  a  nunber  of  times,  if  it  is  resized  to  the 
proper  dimensions. 

21 .  Fixed  and  separate-loading  ammunition 

A  complete  round  of  fixed  ammunition  consists  of  the  pro¬ 
jectile  and  fuze  (if  any)  firmly  crimped  in  the  end  of  a  cartridge 
case  that  contains  the  powder  and  priraer.  Such  ammunition  is  used 
for  small  arms  and  for  most  guns  up  to  and  including  the  lO^-mm 
gun  in  the  i.rry  and  the  5-in,  25-caliber  juV  gun  in  the  Navy,  It 
is  essential  for  all  automatic  and  semiautomatic  guns. 

Semifixed  ammunition ,  in  the  nomenclature  of  the  U.  S.  Army, 
differs  from  fixed  anraunition  only  in  that  the  projectile  is 
loose  in  the  end  of  the  cartridge  case  and  the  powder  is  in  bags. 
This  tj^e  of  ammunition  is  employed  for  guns,  such  as  the  105-mn 
howitzer,  that  use  charges  of  different  sizes  in  order  to  vary 
the  range.  The  cartridge  case  is  loaded  originally  for  the  naxi- 
inun  range,  and  then,  if  a  shorter  range  is  desired,  ope  or  more 
bags  of  powder  are  removed.  The  projectile  and  cartridge  case 
are  loaded  into  the  gun  as  one  unit.  In  the  U,  S.  Navy  the  term 
semifixed  ammunition  has  a  slightly  different  connotation.  It 
is  a- form  of  separate-loading  ammunition  in  which  the  powder 
charge  is  packed  in  a  cartridge  case  for  convenience  in  handl¬ 
ing,  but  in  which  the  projectile  and  the  cartridge  case  are 
loaded  separately,  into  the  gun.  This  manner  of  loading  gives 
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opportunity  to  rani  home  the  projectile  against  the  forcing  cono. 
The  $-in,  38-caliber  AA  gun  and  the  latest  6-in.  guns  of  the  Navy 
use  this  form  of  semifixed  ajnnunition.  It  is  also  used  in  the 
neviT  .\riT5r  l;.7-in,  gun  Ml  without  being  designated  by  any  special . 
name . 

Bag  aianiunitif.n .  which  is  the  general  fern  of  separate- 
loading  ammunition,  consists  of  a  projectile,  one  or  more  bags 
of  pOTfdcr  and  a  primer..  The  povfder  bags  are  made  of  silk  cloth, 
and  an  ignition  charge  is  contained  in  the  base  of  each.  The 
primer  is  attached  to  the  end  of  the  mushroon  stem.  Bag  ar.Tm.uni- 
tion  is  used  for  all  large  guns,  vrhich  sometimes  are  called  bag 
guns  as  distinguished  from  case  guns . 
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CHilPTER  IV.  PROPBLImR'ITS 

22.  Class if icGtion  of  explosives 

Propellent  powders  are  always  lew,  or  progressive ,  explosives, 
characterized  by  propagation  of  the  explosion  —  really  a  very 
rapid  burning  —  only  on  exposed  surfaces,  by  the  heating  of  succes¬ 
sive  layers  to  the  ignition  temperature  (see  Chap.  V).  In  high 
explosives,  on  the  contrary,  a  detonating  wave  is  traiismittcd  prac¬ 
tically  instantaneously  throughout  the  mass  after  initiation  of  the 

11/ 

explosion  by  heat  or  shock.  Doth  nitroglycerin  and  trinitrotol¬ 
uene  (TNT)  are  high  explosives,  but  when  either  is  incorporated  in¬ 
to  a  colloid  with  nitrocellulose,  as  is  done  in  the  manufacture  of 
some  propellent  powders  (see  Table  VI),  it  loses  its  tendency  to 
detonate  and  merely  increases  the  rate  of  burning  of  the  mixture* 

A  lovf  explosive,  on  the  other  hand,  nay  acquire  the  power  to  det¬ 
onate  under’  special  circumstances,  such  as  extreme  shock, 

2-3.  Granulation 

After  General  Rodman  of  the  U.  S,  Arngr  discovered  the 
principle  of  the  progressive  burning  of  gunpoveder  in  i860  and 
applied  this  principle  by  compressing  gunpowder  into  perforated 
grains  of  different  sizes,  the  tern  powder  as  applied  to  explo¬ 
sives  lost  its  etymological  connotation  of  a  pulverized  material, 
Povfdors  today  are  produced  in  the  form  of  cylinders,  cords,  tubes, 
flakes  and  strips,  Most  propellent  powders  in  the  United  States 
are  made  in  the  form  of  cylindrical  grains,  the  diameters  of 


A  recent  discussion  of  the  theory  of  detonation  has 
been  given  by  Carl  [ 1 ^UO] , 


which  vary  fron  0.03  in.  for  a  .30-caliber  rifle  to  0.9  in.  for 
a  l6-in,  gun.  The  lengths  vary  correspondingly  fron  0.06  to 
2.1  in.  For  a  Yfeapon  of  a  given  caliber  several  different  sizes 
of  pov:der  may  be  used,  depending  on  the  type  of  projectile. 

The  smaller  cylindrical  grains  have  single  axial  perfora¬ 
tions,  and  the  larger  ones  have  seven  perforations  parallel  to 
the  axis.  Six  of  these  latter  perforations  are  at  the  vertices 
of  a  regular  hexagon  and  the  seventh  is  at  the  center,  the  dis¬ 
tances  between  centers  of  all  adjacent  pairs  being  nearly  equal. 
Such  multiperf orated  powders  are  said  to  be  progressively  granu¬ 
lated,  because  the  burning  surface  increases  as  burning  proceeds, 
and  hence  the  rate  of  burning  increases. 

The  web  thickness ,  which  is  the  minimum  thickness  of  the 
grain  between  any  tvrc  boundary  surfaces,  either  toternal  or  ex¬ 
ternal,  determines  the  time  required  to  consume  a  powder  of 
given  composition.  The  Yroh  thickness  of  a  singly-porf orated 
grain  is  •g-(D-d)  and  that  of  a  multiporf orated  grain  is  taken  as 
■4(D-3d),  where  D  is  the  diajaeter  of  tho  grain  and  d  is  the 
diameter  of  the  perforation  [Naval  Ordnance,  1939,  p.  37] . 

Hence,  the  grain  diameter  is  about  three  times  the  web  thickness 
of  a  singly-perforated  grain,  and  from  five  to  ten  times  the  web 
thickness  of  a  multiperf crated  gra.ih, 

,  ^ 

24.  Chemical  composition 

Gunpowder  —  frequently  c  called  black  povfdor  —  was  used  as  a 
propellant  until  1834,  when  Vieillo  introduced  colloidal  smokeless 


16/  The  effect  of  the  chemical  composition  of  propellants 
on  erosion  is  discussed  in  Sec.  106« 
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poT'fcter  mado  of  nitrocel?i.ulose .  Today  the  two  general  types  of 
propallant  used  by  all  nations  are  sjjagle-base  and  double-base 
pcavders*  A  single— bs.se  powder  is  one  in  Yfhich  the  principal  in¬ 
gredient  is  nitrocollulose .  A  double-bs.se  powder  contains  a 
considerable  quantity  of  nitroglycerin  in  addition  to  nitrccellu- 
lose*  In  both  types  the  nitrocellulose  is  gelatinized  by  suit¬ 
able  solvents.  For  a  single-base  powder  ether  and  alcohol  are 
usually  used.  The  nitroglycerin  in  double-base  powder  assists 
considera-bly  in  the  gel.atinization,  so  that  if  enough  nitro¬ 
glycerin  is  present,  no  solvent  is  needed^  other'ic/iso  acetone  is 
used.  Double-base  po\vders,  which  give  better  ballistic  results 
than  single-base  powders,  have  been  sta.ndard  propellants  in 
Great  Britain  and  seme  other  countries  for  many  years.  Because 
their  erosive  effect  is  greater,  however,  double-base  powders 
have  not  been  used  extensively  in  the  United  States. 

25.  Aiacrican  pr  ope  Hants 

For  many  years  the  standard  smokeless  propellent  powder  used 
in  this  country  v/cas  pyro  ]:)ovrdor .  This  is  made  from  "pyroccllu- 
lose'*  (a  nitrocellulose  conta-ining  12,6  percent  nitrogen)  to  which 
is  added  0.5  to  1.0  percent  diphonylamine  as  a  stabilizer.  This 
is  still  the  standard  powder  in  the  Navy,  Much  of  it  is  still  on 
hand  in  the  Army,  especially  for  the  larger  caliber  gunsj  but  M 
po'/rder  ("nonhygroscopic")  and  FNH  povader  ("fl:ishless  and  non- 
hygroscopic")  are  the  ones  being  produced  today.  The  first  lot 
of  FNH  povader  was  made  in  192li,  but  the  total  amount  produced 
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before  1930  was  very  small.  Therefore,  much  of  the  data  on  the 
erosion  of  guns  in  the  U,.  S,  servityes  apply  to  guns  fired  with 
pyro  povj-der,  . 

The  composition  of  the  various  smokeless  povrders,  other  than 
pyro  powder,  currently  used  by  the  U.  S,  Army  are  listed  in  Table 
VI,  which  is  based  on  the  confidential  specifications  of  the 
Ordnance  Department.  Tlte  NH  and  FWH  powders  keep  bettor  than 
pyro  poiTder  because  they  are  less  hygroscopic.  This  property 
is  obtained  by  the  inclusion  of  dinitrotoluene  (DNT)  and  dibutyl- 
phthalatc.  Double-base  povrders  in  general  are  less  hygroscopic 
than  single-base  ones,  and  hence  much  less  DNT  is  needed  in  1,12- 
than  in  M1-t3rpe  powder.  Those  saxie  two  compoimds  serve  also  as 
coolants  in  the  Mi-typo  RIH  powder,  causing  the  powder  gases  to 
emerge  from  the  muzzle  at  a  temperature  below  their  flash  point 
when  mixed  with  the  oxygen  of  the  air.  The  flash  from  FNH,  112 
powder  is  repressed  by  the  inclusion  of  barium  and  potassium 
nitrates.  In  seme  of  the  snail  arms  powders  it  is  repressed  by 

potassium  sulfate,  and  this  compound  can  be  used  also  as  an  aid 

!§/ 

in  the  Mi-type  cannon  powder.  Flashlessness ,  v/hich  depends,  on 
granulation  and,  ignition  as  v/ell  as  on  composition,  has  been 
achieved  only  to  a  partial  degree  in  large-caliber  Tfeapens,  The 
potassium  nitrate  used  in  some  of  the  pov^ders  juiprcves  the  igni¬ 
tion,  The-  tin  and  tin  oxide  were  used  as  decoppering  agents 

12/  Mr;  Bruce  E,  /Uiderscn,  jiraruunition  Division,  Industrial 
Service,  Ordnance  Department,  personal  communication,  ,i*,ug.  29,  19iil, 

18/  FHW/P  powder  also  contains  potassium  sulfate |  see  last 
footnote  (*)  under  Tabic  VIE, 
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(sGG  Soc.  69).  Tho  c^^aphito  elaaing  on  the  M2  cannon  poT.'dcr, 

V'j'hich  is  also  used  sometiiaes  on  other  pcwlors  of  small  grojiula- 
tiens,  is  simply  a  lubricant  to  make  the  powder  flow  more  readily 
and  therefore  pack  bettor. 

Attempts  have  been  made  from  time  to  time  to  develop  a  po7fder 
that  would  have  a  high  propellent  power  vfitheut  causing  a  high 
temporaturo  in  the  gun,  and  that  would  thorafore  be  flashless  and 
prcsuaiably  loss  erosive .  The  most  successful  of  such  cool  powders 
are  those  based  on  nitro guanidine,  also  called  picrite.  The 
Du  Pont  Company  experimented  vfith  nitroguanidine  powders  for  several 
yeans  after  World  Yfp.r  I,  but  abandoned  them  after  the  development 
of  the  present  FNH  powder.  They  'were  found  excellent  as  regards 
flashlessness,  but  were  objectionable  bocause  of  smoke  and  anmionia 
fumes.  Also  the  weight  of  charge  was  larger  than  for  pyro  povi-der  — 
15  percent  larger  for  a  75~mm  gun  [Storm,  1925].  These  objections 
are  considered  by  the  British  to  be  outweighed  by  the  advantages 
of  flashlessness  and  reduced  orcsion  (Sec,  108);  and  so  they  are 
using  two  picrite  powders  (see  Table  VIB), 


26.  British  powders 

In  1888  a  special  cemmittoo  adopted  as  standard  for  the 
British  services  a  smokeless  powder  made  by  gelatinizing  a  mixture 
of  highly  nitrated  nitrocellulose  and  nitroglycerin  with  acetone. 
It  Virus  called  cordite  because  it  was  formed  in  cords  of  various 


_19/  Chemical  formula,  NH^C ( ;NH)NIIN02,  .attempts  to  make  the 
dinitro  derivative,  which  vrould  presuraably  ha.ve  a  higher  poten¬ 
tial,  have  failed.  (Dr,  G.  B.  Kistiakovfskj'-,  private  communica¬ 
tion,  xipr.  2lj.,  19id2,) 
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Table  VI,  Nominal  composition  in  parts  by  ?feight  of  smokeless 
pcwders . 

A.  American  Powders 


Cannon  Poiwders 

Small  Arms  Powders 

Ingredient 

No. 5 

BIR 

hSjS 

]:mr 

III  66 

IMR 

hm 

EC^ 

N itrocellulose^ 

76.U5°i 

99.0 

91 .0 

100.0 

97.5 

100.0 

80.0^ 

Nitroglycerin 

19.5 

Dinitrotoluene 

1.0 

1.0 : 

6.5 

7.5 

10.0 

8.5 

Diphenylamine 

1  1.0 ; 

1.0 

0.60 

1.0  : 

0.5 

0.70 

0.6 

0.70 

0.75 

D ibu tylphthal ate 

3.0 

5.0 

■B 

Potassium  sulfate 

1 

wm 

B 

1 .0 

1.0 

1.0 

Barium  nitrate 

1.U 

B 

1 

8,0 

Potassium  nitrate 

0.75 

Bi 

■jB 

8,0 

Tin 

B 

B 

Tin  dioxide 

B 

1.5 

Graphite  glazing 

0.30 

^Also  contains  3.0  parts  of  starch  and  0.25  parts  of  aurine,  a  red 
coloring  agent, 

^Containing  13.15  percent  nitrogen, 

‘^Containing  13.25  percent  nitrogen. 

^Containing  13.20  percent  nitrogen. 


3 .  British  Powders  (Cordites  }.•:!- 


Ingredient 

Mk.  I 

M.D. 

■H 

¥,M. 

s,c. 

N.  : 

N.Q. 

Nitrocellulose® 

37  ' 

65 

65 

65 

WBBM 

19 

21.5" 

Nitroglycerin 

58 

30 

29  ■ 

no 

U1.5 

18.5 

20 

Picrite 

51^.7 

51i.7 

Mineral  jelly 

5 

5 

6 

3.5 

Carbamite 

2 

9 

BHTl 

3.5 

Chalk 

O.ii 

0.2 

o.i5 

Cryolite 

- r-J 

0.3 

0.3 

^Containing  13.1  percent  nitrogen, 

•P 

Containing  12.2  percent  nitrogen, 

*After  Littler  ( 1 9h2 ) .  To  save  space  ■'/re  have  omitted  from  this 
table  NH,  PMH  and  FNH/p,  ivhich  are  American-made  single-base  poi'\rders 
■used  by  the  British  services.  The  first  two  have  essentially  the 
compositions  given  in  Table  VIA.  The  FNH/P  contains  1  percent  of 
potassium  sulfate  in  addition  to  the  ingredients  listed  for  FflHjMI , 
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Notes  for  Table  VIA 

(1)  Abbreviations .  —  NH,  nonl:i3’'groscopic|  FNH,  flnshless  and 
nonhygroscopici  IlvIR,  improved  military  rifle;  EG,  Explosive  Company, 
the  name  of  the  English  manufacturers  who  first  made  this  pw/der  aft¬ 
er  its  invention  in  1882  [liar shall,  1917,  p.  u8,]j  AP,  armor-piercing. 

(2)  Use  of  small  arms  ammunition.  — 

Caliber  .22,  no  standard  composition. 

Caliber  ,U9,  Du  Pont  Pistol  No.  3. 

Caliber  .30  (ball  rnd  AP),  1923-UO,  IIvIRll85  principally,  but 
also  several  lots  of  pyro  and  FNH  powders;  since  the  summer  of 
19ii1,  B'IIiU676. 

Caliber,  ,30  (blank),  EC. 

Caliber  ,30  (ball  and  AP),  before  1928,  various  smokeless 
powders  to  which  different  metallic  compounds  had  been  added; 

1928-ii.l,  B'iRii.166;  since  the  spring  of  19h1,  Il.iRii8lj4, 

Caliber  .30  (blank),  EC. 


Notes  for  Table  YIB 


(1)  General  notes  on  British  cordites.  — 

Mark  I,  the  original  British  cordite  (1889);  still  made  for 
pistol  and  "blank"  ammunition. 

M. D , ,  manufactured  on  a  large  scale  for  small  arms  ammunition. 

Vf, ,  Land  Service  propellant  of  improved  stability;  largely 
replaced  M.D.  after  1932  for  major  caliber  guns. 

N, M. ,  "Eraergencj''"  Land  Service  propellent;  introduced  April 
I9UO;  replaces  W. 

S.C . ,  the  principal  Naval  propellant;  developed  by  Research 
Department,  Woolwich  /arsenal  and  introduced  about  1923;  made  by 
solventless  process. 

N. ,  mainly  used  for  antiaircraft  guns  (3.7  s-^d  h.5-in,),  but 
flashless  charges  have  been  determined  for  most  guns  and  howitzers. 

N .Q , ,  mainly  used  for  smaller  guns  (for  example,  Q.F,  6-pdr) 
and  howitzers  (for  example,  Q.F.  23-pdr,  B.L,  3.3->in.,  etc.). 

(2)  Special  notes  on  nomenclature  of  flashless  propellants.  — 
The  shape  of  the  'grain  (other  than  cords)  or  the  source  of  the 
nitrocellulose  is  denoted  by  the  follovfing  additions  after  the 
solidus s  tube  =/T;  slotted  tube  =/S;  multitube  =/M;  nitrocellu¬ 
lose  from  cotton  vraste  =/A;  nitrocellulose  frcm  wood  =/F. 

The  w'eb  thickness  in  thousandths  of  an  inch  is  denoted  by 
a  figure  following  the  letter;  thus,  "cordite  N/M.  OI4.8." 
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diameters.  The  original  cordite  Mk.  I  caused  so  much  erosion  that 
the  amount  of  nitroglycerin  was  greatly  reduced  to.  give  cordite 
M.D,  (=  "modified").  The  mineral  jelly  (vaseline)  in  it  serves  the 
double  purpose  of  coolant  and  preservative  [Marhsall,  1917,  I: 
30li-5] .  The  compositions  of  tliese  and  other  raoro  recently  devel¬ 
oped  British  povfd’ers  are  listed  in  Table  VI  B. 

Ballistite  was  invented  by  Alfred  Nobel  in  1888  by  gelatin¬ 
izing  a.  nitrocellulose  of  low  nitration  v^ith  nitroglycerin.  The 
ratio  of  nitrocellulose  to  nitroglycerin  has  varied  from  h0/60 
to  50/50,  and  various  stabilizers  have  been  added.  Ballistite 
or  powders  of  noanly  equiva-lent  composition  were  used  by  the 
German  and  Italian  governments  at  one  time  [M-arshall,  1917,  I; 
301-2], 

27.  Stability 

All  smokeless  powders  deteriorate  during  storage.  Among  ■■  . 
the  products  of  decomposition  are  oxides  of  nitrogen,  which  pro¬ 
gressively  e.ccelerate  further  decomposition.  Stabilizers  act 
by  combining  with  these  oxides  and  preventing  the  acceleration, 
without  actua.lly  stopping  the  decomposition.  The  common 

20/ 

stabilizers  axe  diphenylamine ,  vaseline  and  "centralite , " 

Powder  that  is  deteriorating  produces  objectionable  fumes  even 
before  its  ballistic  properties  are  impaired.  Air-dried  pyro 
powder  has  been  found  to  last  30  to  Uo  years,  but  water-dried 
pyro  powder  lasts  a  somerrhat  shorter  time,  depending  upon  the 

20/  Also  called  "carbamite."  The  chemierj.  name  is 
s-diethyldiphenyl  urea  [Pike,  19^2], 


siae  of  granulation  and  various  conditions  of  manufacture ;  On 
the  basis  of  accoleratsd  tests,  NH  and  PTiH  poivders  are  expected 
to  last  considerably  longer  thim  even  air-dried  pyro  pov;der< 
Because  both  moisture  and  high  temperatures  accelerate  to  some 
extent  the  deterioration  of  smokeless  powder,  considerable  care 
is  taken  to  protect  it  during  storage, 

28.  Primers 

The  initial  impulse  required  for  the  ignition  of  a  charge 
of  powder  is  obtained  from  a  small  amount  of  highly  sensitive 
explosive  that  can  be  readily  set  off  by  percussion,  friction 
or  heat.  Smokeless  powder  in  all  but  the  finest  granulations 
is  so  difficult  to  ignite  that  in  addition  to  the  detonating 
element  most  primers  contain  an  igniter  charge  of  black  pov^der 
which  burns  very  rapidl3r  vath  a  hot  flame  rnd  ignites  the  main 
povfder  charge.  The  best  ballistic  results  might  be  obtained 
if  the  ignition  were  simultaneous  throughout  the  charge.  This 
condition  is  approached  in  practice  by  the  method  of  distribu¬ 
tion  of  the  igniter  charge,  a  perforated  tube  along  the  reels 
of  the  chamber  being  frequently  used, to  contain  the  black  povrder 
The  proportion  of  black  powder  to  smokeless  povi-der  varies,  be¬ 
cause  the  sajne  primer  is  often  used  with  cartridge  cases  of 
several  different  calibers. 


CHAPTER  V',.  BUPJING  OF  THE  Pa'ffiER 

29,  Effect  of  pressure  on  rate  of  burning 

A  colloidal  propellant  burns  by  parallel  layers.  This  law, 
first  enunciated  by  Piobert  [1839]  in  the  case  of  gunpowder,  has 
been  verified  for  colloidal  propellants  by  the  observation  that 
unbumed  pieces  of  powder  recovered  after  having  been  fired  in 
a  gun  retain  their  original  chemical  and  physical  properties  be¬ 
low  the  surface  [Crow  and  Grimshaw,  1931b,  p.  392;  I.furaour  and 
Aunis,  1938,]  Recent  observations,  however,  show  that  under 
certain  conditions  the  burning  takes  place  below  the  surface  as 

Hf 

well.  The  rate  of  burning  increases  very  rapidly  with  increase 
of  pressure  of  the  liberated  gases.  Thus  the  rate  is  increased 
about  a  thousand-fold  by  increase  of  pressure  from  1  to  2^00 
atoos . 

The  highest  pressure  to  which  smokeless  powder  can  be  sub¬ 
jected  Tirithout  having  it  detonate  or  bum  erratically  does  not 
seem  to  have  been  determined.  During  the  test  of  a  certain  37-inm 
gun  having  an  extra  strong  barrel,  a  series  of  five  rounds  were 
fired  at  pressures  ranging  from  63,itOO  to  67,900  Ib/in^,  as 
measured  by  a  piezoelectric  gage.  The  velocities,  which  varied 
from  33^5  to  337?  ft/sec,  were  acceptably  uniform.  Hence,  as 
far  as  the  burning  of  the  powder  is  concerned,  a  pressure  as  high 
as  this  might  perhaps  be  used  in  a  hypsrvelocity  gun. 


21/  R.  E.  Gibson,  personal  communication,  July  19ii2 


30*  The  mechanism  of  the  b-urning  process 


The  surface  of  a  burning  solid  propellant  remains  relatively 
cold  while  a  gaseous  reaction  at  a  very  high  temperature  (Sec.  36) 
takes  place  at  a  distance  of  approximately  10  ^  cm  from  the  surface 
The  slow  step  in  the  complex  process  is  the  transfer  of  heat  to  the 
surface  by  the  molecules  of  the  burning  gas  that  impinge  upon  it, 
for  a  surface  layer  of  the  solid  must  be  kept  at  the  temperature 
of  spontaneous  decomposition  in  order  that  burning  may  continue. 
Because  an  increase  of  pressure  means  that  more  hot  gas  molecules 
are  available  to  transfer  energy,  the  rate  of  burning  is  increased 
by  pressure .  This  view  of  the  burning  process  has  been  elaborated 
recently  by  Boys  and  Corner  [1 9iill  and  by  Lennard-Jones  and  Comer 
[  1 9li1  ] ,  Crovr  and  Grimshaw  [1931b]  and  Muraour  [  1 93 1  ]  had  suggest¬ 
ed  essentially  the  same  theory,  except  that  they  had  postulated  a 

cruder  method  of  heat  transfer. 

22/ 

Earlier  investigators  had  derived  empirical  equations  of 
the  form, 

r  =  a  +  bp  , 

where  r  is,  the  rate  of  regression  of  the  burning  surface,  £  is 
the  pressure,  and  a,  b  and  c  are  empirical  constants.  Frequently 
c  was  considered  unity  and  a  was  very  small  or  zero.  In  such 
equations,  however,  the  apparent  rate-of -burning  constant,  b,  had 
been  found  to  increase  und^r  conditions  giving  rise  to  increased 

22/  See  Crow  and  Grimshaw  [1931b,  pp.  387-8,  397]  for 
bibliography,  Bennett  [1921,  p.  viij ,  in  the ' preparation  of  his 
Tables  for  interior  ballistics,  assumed  that  the  rate  of  burning 
of  pyro  powder  is  proportional  to  the  tvro-third  powder  of  the 
pressure. 


cooling.  This  tendency  was  explained  by  Crow  and  Gpirtshaw  by 
ahowing  that  b  is  in  reality  a  function  of  tho  tomperaturo  of  the 
powder  gases* 

Instead  of  assming  that  the  heating  of  the  surface  of  the 
powder  to  the  ignition  temperature  results  from  molecular  impact, 
Kent  [ 1 93^]  suggested  that  radiation  from  the  powder  gases  is 
the  cause.  He  argued  that  tho  escape  of  volatiles  from  smokeless 
po^'/der  vfhile  it  is  being  warmed  up  prevents  contact  of  hot  powder 
gas  with  the  surface,  whereas  radiation  could  penetrate  to  the 
surface.  He  explained  various  experimental  phenomena  by  this 
hypothesis. 

Ignition  of  powder  at  temperatures  below  the  normal  igni¬ 
tion  point  by  photochemical  decomposition  caused  by  the  absorp¬ 
tion  of  radiation  of  selected  frequencies  was  suggested  as  a 
possibility  by  CraiYford  [1937] ,  in  his  proposal  for  experiments 
involving  the  application  of  spectroscopy  and  photography  to 
interior  ballistics.  He  also  suggested  the  possibility  of  the 
photosensitization  of  the  ignition  of  powder  by  radiation  from 
cool  mercury  vapor  emitting  resonance  radiation  of  wave-length 
2537A.  Later  Crawford  remarked  that  the  efficacy  of  potassium 
in  promoting  ignition  might  be  explained  as  the  result  of  emis¬ 
sion  of  radiation  of  just  the  proper  frequency  by  excited 
potassium  ions.  He  suggested  that  this , hypo the sis  could  be  test¬ 
ed  by  exposing  some  powder  to  irradiated  potass iiun  vapor  in  an 
evacuatod  tube. 


23/  Mej*  D.  J.  Cravfford,  Jr.,  Ordnance  Department,  personal 
communication,  Aug.  30,  19h1. 


31 .  Quickness  of  pcn,7der 


The  rate  of  burning  of  a  powder  — -  often  referred  to  as  its 
quickness  —  is  one  of  the  most  important  factors  in  determining 
the  effectiveness  of  the  powder  for  a  particular  purpose.  The 
criterion  vfhich  is  applied  to  the  burning  of  a  powder  in  a  gxm 
is  that  a  maximum  proportion  of  the  energy  of  the  powder  shall  be 
transferred  to  the  projectile  without  allowing  the  powder  pressure 
to  exceed  the  limit  imposed  by  the  strength  of  the  walls  of  the 
tube,  ■  If  the  pov/der  bums  too  fast,  a  dangerously  high  pressure 
will  be  set  up;  whereas  if  the  powder  burns  too  slovfly,  some  of 
it  'will  remain  unburned  vrhen  the  projectile  leaves  the  muzzle, 
and  hence  its  energy  will  be  wasted.  The  rate  of  burning  is  con¬ 
trolled  by  varic'tion  of  the  form  and  the  dimensions  of  the  grains, 
particularly  the  vreb  thickness.  The  smaller  the  vireb,  the  faster 
will  a  powder  bum,  because  for  a  given  total  weight,  powder 
grains  with  small  vreb  have  a  larger  surface  area. 

Direct  measurement  of  the  quickness  of  a  povfder  is  now  pos¬ 
sible  by  a  method  developed  at  the  Burnside  Laboratory  of  the 
Du  Pont  Company.  Yrhile  a  sample  of  the  pca*fder  is  being  burned 
in  a  closed  chamber,  an  automatic  oscillograph  record  is  made 
of  dp/dt,  the  time-rate  of  change  of  the  pressure,  as  a  function 
of  the  pressure.  By  comparison  of  this  result  Virith  that  obtained 
with  a  standard  powder,  the  ballistic  properties  of  Tfhich  had  been 
determined  by  firings  in  a  particular  gun,  it  is  possible  to  calcu¬ 
late  the  charge  of  povfder  required  to  achieve  a  desired  velocity 
in  a  similar  gun. 
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The  Tiniformity  of  the  rate  of  burning  is  also  important j  for 
if  the  rata  is  irregular,  pressure  'ifaves  may  be  set  up  in  the  bore 
of  the  gun.  Such  waves  arc  potentially  dangerous,  for  by  rein¬ 
forcement  of  te'o  of  then,  a  pressure  largo  enough  to  burst  the  gun 
may  be  attained.  Uniformity  of  burning  is  aided  by  proper  design 
of  the  ignition  system,  striving  tovv'ard  the  ideal  situation  of 
enveloping  the  charge  of  smokeless  powder  in  a  hot  flame  from  the 
igniter  charge  so  that  all  the  grains  are  ignited  simultaneously.; 

2U/ 

32 .  Heat  of  explosion  and  heat  of  combustion 

The  heat  of  explosion  of  a  propellant  powder  is  the  quantity 
of  heat  evolved  when  the  povfder  burns  at  constant  volume  in  a 
closed  chamber  without  added  oxygen.  It  is  less  than  the  true 
heat  of  combustion,  vfhich  is  the  heat  liberated  7fhen  the  same 
pov/der  is  burned  at  constant  volume  in  an  excess  of  oxygen.  (Some 
v^riters,  as  for  instance  da  Bruin  and  de  Pauw  [I928]  ,  designate  the 
heat  of  explosion  as  the  heat  of  corai^ustion, )  The  heat  of  explo¬ 
sion  is  of  more  practical  interest,  because  it  measures  the 

25/ 

potential  of  the  poivder  —  that  is,  its  capacity  for  doing  vrork. 


2U/  A  summary  of  the  heats  of  formation  of  the  constituents 
of  propellants  has  been  given  by  Schmidt  and  by  Pike  [19U2]  . 

_  25/  This  definition  of  powder  potential  follows  Hayes  [1938, 
p.  5oTT  J.  0.  Hirschfelder  [personar  c  omuhication ,  A\ig.  29, 

^9^2]  supports  an  earlier  suggestion  by  R.  H,  Kent  in  recommending 
that  the  powder  potential  be  taken  as  the  product  of  T.,,  the 
adiabatic  flame  tomporaturo  (Sec.  36),  and  Cy,  the  high- tempera¬ 
ture  molal  heat  capacity  of  the  gas  at  constant  volume.  This 
change  of  definition  is  equivalent  to  considering  in  the  pro¬ 
duct  TqCy  as  the  average  value  between,  say,  2000°K  and  the  * 
adiabatic  flame  temperature  instead  of  as  the  average  value  be¬ 
tween  O^C  and  the  adio-batic  flame  temperature  [compare  Eq.  (V-1) 
in  Sec,  36]..  The  potential  calculated  in  this  way  is  some  20 
percent  larger  than  the  heat  of  explosion. 


In  the  calorinetric  determination  of  the  heat  of  explosion 
the  calorimeter  is  usually  at  or  near  room  temperature,  and  there¬ 
fore  the  water  formed  during  the  reaction  is  condensed  and  its 
heat  of  vaporization  appears  as  part  of  the  apparent  heat  of  ex¬ 
plosion.  To  obtain  the  true  heat  of  explosion  (vrater  gaseous)  the 
amount  of  water  must  be  deterrained.  The  correction  for  the  heat 
of  vaporization  amounts  to  slightly  less  than  10  percent  of  the- 
apparent  heat  of  explosion  (water  liquid)  [Noble  1906,  pp,  li76-80| 
de  Bruin  and  dc  Pauw  1 928 ,  Tables  III  and  IV] . 

Values  for  the  heats  of  explosion  a,nd  of  combustion  of  a 

number  of  powders  appear  in  Table  VII,  The  results  of  Dunkle 

[19353  showed  that  the  ratio  of  the  heat  of  explosion  Q  to  the 

heat  of  combustion  H  of  a  smokeless  powder  is  a  linear  function 

of  the  ratio  of  the  number  of  moles  cf  atomic  ox^^gen  per  gram  of 

povrder  to  the  sum  of  the  corresponding  numbers  for  ca.rbon  and 

hjairogen  [0/(C  +  H2)]  in  the  pov;der|  and  also  that  it  is  a  linear 

function  of  the  corresponding  ratio  [GOg] • iHgOl/ICO] • [Hgl  of  the 

products  of  explosion  of  the  povfdor.  The  slight  vau’iation  of 

27/ 

the  heat  of  explosion  with  the  density  of  loading  [Noble  1 906, 
Plate  lit.]',  which  is  related  to  the  question  of  change  of  composi¬ 
tion  of  the  products  of  explosion  during  cooling,  is  discussed 
in  Sec,  39, 


26/  Noble  [ 1 905 ,  pp.  216-20] j  de  bruin  and  de  Pauw  [1928, 
1929]  3  Cro\7  and  Grimsha^v  [1931a] , 


27/  The  density  of  loading  is  the  ratio  of  the  vtoight  of 
charge  to  the  iveight  of  vaater  that  vfould  fill  the  chamber  at  ii°Cj 
hence  in  the  Metric  system  it  is  numerically  equal  to  the  vrcig-ht 
of  charge  in  grants  divided  by  the  volume  of  the  chamber  in 
railllliters. 


Table  VII.  Heat  of  explosion,  boat  of  combustion  aiid 

tenpercoturQ'  of  explosion  of  propellent  powders.* 


Composition^ 

Nitrocellulose 

Powders 

Double -base 
Powders 

FNH  Powder 

(percent  by  wt.) 

N3 

X-927'''' 

C2 

I5ll*'^ 

1358'^*- 

Nitrocellulose 

(12.6^  N) 

(13.2;»N) 

9li.80 

95.23 

70.16 

83.97 

Nitroglycerin 

— 

— 

28.67 

19.80 

Dinitrotoluenc 

— 

— 

— 

9.88 

Dibutylphthalate 

— 

— 

.. — 

— 

4.94 

Diphenylojnine 

0.U3 

0.49 

— 

0.99 

1.00 

Volatile  natter 

U.75 

4.28 

1.1? 

1 .01 

0.22 

Total 

100,00 

100.00 

100.00 

100.01 

H(kilocal/gm)^ 

831 

CO 

1220 

1153 

1 - - 

754 

Q (kilocal/gn ) ° 

1 

1 

1 

2614 

— 

2377 

2980 

Temp. 

2485 

1 

1 

I 

3433 

— 

Temp,  calc,  ('^G)^ 

2400 

2425  1 

3300 

3075 

— 

See  Table  IX  for  coraposition  of  products  of  corabustion  of 
these  same  powders. 

^Heat  of  explosion j  water  liquid. 

Heat  of  combustion. 

‘^Calculated  by  Crew  and  Grimshaw  from  heat  of  explosion  and 
heat  capacity  of  powder  gases. 

''Calculated  for  this  report  from  cciriposition  by  method  of  de 
Bruin  end  de  Pauw  [1929].  (J.3.B.) 

'"^Crow  and  Grimshaw  [1931b]. 

^'“'Dunkle  [193o]  . 


-  i;9  - 


Table  VIII,  Products  of  combustion  of  gunpovfder.'^^^ 


Loading^ 

Pres  sure‘s 

0.10 

1.6 

.  0.50 

10.7 

0.90 

35.6 

Gases 

Conpositicn 

it. 

Vol. 

Vol. 

wt. 

Vol. 

CO3 

25.97 

LB. 99 

25.22 

57.21 

27.50 

52,65 

CO 

3.03 

8.98 

5.63 

17.05 

3 .56 

10.73 

N2 

12.01 

35.60 

10.22 

30.29 

10.85 

32.65 

Hs 

0.05 

2.07 

0.07 

3.01 

0.03 

1.27 

CH^ 

0,06 

0.29 

0.16 

0.85 

0.15 

0.81 

HgS 

o.Ul 

ii.o6 

0,66 

1 .61 

0.77 

1.90 

Total 

ii1.53^ 

51.96 

100.00 

52 ,86 

100.00 

Solids 

Composition 

(percentag 

e) 

30.07 

35.20 

37.55 

K2S2O3 

11,66 

15.70 

5.91 

K^SOi^ 

11.71 

1 

2.69 

;  5.87 

K^S 

2.30 

2.06 

5.13 

KCNS 

0.00 

0.17 

0.21 

KNO3 

0.32 

0.29. 

• 

0.11 

{NH|^)3C03 

0.03  ■ 

0.06 

0.09 

C 

0.72 

•  0.00  . 

0.00 

Free  S 

o.ai 

2.87 

5.27 

Total 

 -1 

57.22 

58.05 

■1 

B 

*After  Noble  --nd  Abel  [1875],  Tables  2,  3, 

^Large-grain  rifle  povfderj  1/althani  t  Abbey.  Composition: 

KNO3,  7U.95^;  S,  10.27;fe3  charcoal,  13.5b®!  water, 

1.11^.  ^ 

"b 

Proportion  of  space  occupied  by  the  charge i  net  "density  of 
loading," 

“^Long  tons  per  square  inch. 

^Should  be  52.78^  -  error  in  original  for  one  of  the  individual 
percentages , 
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33.  Products  of  combustion  of  gtin  poivder 

Tho  composition  of  the  products  of  conbustipn  of  propellent 
porrders  ofter  explosion  in  a  closed  che-uber  have  been  determined 
by  various  investigators,  Noble  and  Abel  [18753,  for  instance, 
as  a  part  of  their  classic  resoarcb  on  Fired  gunpovirder  analysed 
the  products  of  combustion  of  several  kinds  of  gunpovfder  at 
different  densities  of  loading.  Their  results  for  a  representa¬ 
tive  gunpoT/der  at  three  densities  of  loading  are  given  in  Table 
VIII. 

Over  half  the  weight  of  the  material  is  solid,  which  is 
responsible  for  the  smoko  from  bixrning  gunpowder.  Among  gaseous 
products  the  volume  percenta.gos  of  nitrogen  and  of  errbon  dioxide 
are  much  greater  than  from  colloidal  powder,  whereas  the  percent¬ 
ages  of  carbon  monoxide  and  of  hydrogen  are  much  less  (compare 
Tables  VIII  and  IX),  These  differences  reflect  the  higher  nitro¬ 
gen  and  oxygen  contents  of  gunpowder  as  compared  with  smokeless 
powders , 

Table  IX .  Products  of  combusticn  of  smokeless  poyrders,  in 

moles  per  kilogram  of  powder.  Table  VII,  in  v/hlch 
these  powders  are  listed  in  the  same  order,  gives 
their  composition. 


Product 

Nitrocellulose  Powders 

•Double-Base  Powders 

MH  Pov^der 

N3* 

C2'"' 

1511-;!-;^ 

CO2 

3.200 

5,252 

6.607 

8.322 

3. ■292 

CO 

20.2hh 

16.565 

12.771 

11.705 

20.553 

H2O 

8.627 

5.922 

11 ,272 

7.923 

5.001 

N2 

'  4.269 

5.252 

5  .i  95 

5 .605 

5-095 

6.979 

8.219 

1 .676 

5.120 

9.139 

*Crow  and  Grinshaw  [1931b] « 

^^^unkle  [19351  ,  Densitj''  of  loading,  0,.12, 
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3U,  Products  of  combustion  of  sookoless  powder 

Because  smokeless  powder  burns  vrithout  leaving  any  a.ppreciablG 
solid  residue,  the  deterninaticn  of  its  products  of  combustion  is 
just  a  specialized  application  cf  the  standard  technic  of  gas  analj'-- 
sis.  The  wator  formed  during  combustion,  after  it  has  condensed 
in  the  explosion  chamber,  is  either  vfiped  out  and  v/eighed  as  liquid 
water  [hoble,  2905,  p.  203] ,  or  else  it  is  distilled  out  of  the 
bomb  and  absorbed  [de  Bruin  and  de  pauw,  1928,  p.  9],  vj-hich  is  pre¬ 
ferable,  Analyses  of  the  products  of  cembustion  obtained  from 
different  kinds  of  smokeless  powder  have  been  published  by  Sarrau 
and  Vieille  [I861i]  ,  by  Noble  [I89I4.]  ,  by  Macnab  and  Ristori  [  1_89U] , 
by  Noble  [ 1 906]  and  by  de  Bruin  and  de  Pauw  [1928] ,  A  number  of 
unpublished  reports  from  Picatinny  Arsenal  [Valonte,  1929;  Diinkle 
and  Vclsk,  1932;  Volsk  and  Dunkle,  1932;  and  Dunkle,  1935]  contain 
analyses  for  the  new  FNH  pcn^dcrs,  and  also  for  some  experimental 
powders  of  special  compositions.  A  selection  of  results  from 
Dunkle  [1935]  at  a  density  of  loading  of  0,12  is  given  in  Table  IX 
in  the  coluimis  headed  X-927,  l5l1  and  1358. 

The  variation  in  composition  of  poivder  gases  with  change  of 
density  of  loading  is  illustrated  by  the  results  cf  Noble,  some  of 
which  are  reproduced  in  Table  X,  hhereas  the  amounts  of  nitrogen 
and  of  water  shCiV  only  slight  variation  with  density  of  loading  for 
all  three  povrders,  the  amoimt  of  carbon  monoxide  decreassff  v/hile 
that  of  carbon  dioxide  increases  as  the  density  of  loading,  and 
hence  the  pressure,  is  increased.  Similarly  the  ratio  of  methane 
to  hydrogen  increases  very  greatly  with  increase  of  density  of 
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Table  Xt  Variation  in  coraposition  of  pc?tTcier  gases  with  chcjige  of 
density  cf  leading.* 

A,  Coraposition  cf  poYrders,  in  percentages  by  v/eight. 


Component''^*' 

NG  i 

C-I 

C-M.D. 

Nitrocellulose  (sol.) 

85,5 

37.0 

65.0 

Nitrocellulose  (insol.) 

iii.5 

Nitroglycerin 

58.0 

30.0 

Mineral  jelly  (vaseline) 

_ 1 

5.0 

1 _ 

5.0 

B.  Fressuro  and  volurae  of  gas. 


Density  cf 
Loading 

] 

Pressure 

(atnos) 

Permanent  Gas 
(ml/gra) 

mm 

ISHiH 

wEsm 

wmm 

1^99 

G-M.D. 

0.05 

U57 

U95 

U57 

993.1 

870.0 

955. a 

811;, 7 

670.0 

781.8 

.10 

975 

1066 

990 

980.0 

876.5 

9^8.0 

810.5 

692.5 

790.0 

.15 

I5l6 

1783 

1600 

1 

958.5 

880.0 

931.0 

795.0 

699.0 

786,5 

.20  i 

2103 

2591 

23  5U 

93ii.o 

875.5 

913.5 

776.0 

697.0 

773.0 

.25 

2789 

3h67 

3193 

906.5 

865.0 

893.5 

751.5 

688 .0 

751i.0 

.30 

3ii98 

hhoh 

I4O69 

883.0 

8U8.0 

873.0 

730.0 

671.5 

733.5 

.liO 

5228 

1 

6302 

5830 

81il.O, 

820.0 

832.0 

695.0 

61il;.9 

693.5 

.50 

7133 

8l2li 

_ i 

75Uli 

I 

602,0 

798.8 

789.5 

659.5 

623.6 

653.5 

*After  Noble  [1901 .  pp.  h$li,  k76-T ,  hBO] . 

NO,  nitrocellulose j  C-I,  cordite  Mark  I 5  C-M.D,,  cordite 

M.D. 


[Table  X  continued  cn  next  page,] 
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TABLE  X,  (ContinU'3d, ) 


G.  Total  composition  in  percentago  by  volima. 


Density  of, 
Loading 

o.o5 

0.10 

o’.  15 

0.20 

0.25 

0.30 

O.iiO 

o.5o 

(gn/ml) 

I,  Nitrocellulose 


C02 

1ii.95 

16.19 

17.50 

19.1i0 

21.50 

23.50 

27.60 

31 .60 

CO 

35.36 

3U.6O 

33.35 

31.90 

29.95 

28.25 

2U.65 

20.96 

H 

20,01 

20.67 

19.90 

18.00 

15.8O1 

li;.05 

11.60 

10.00 

0.19 

0.71 

1.58' 

2.89 

li.8o 

6.20 

8.Jaii 

9.80 

N 

11.19 

10.75 

10.62 

10.83 

11. Oil 

11.16 

11.00 

11.00 

H30 

18.00 

17.08 

17.05 

16.98 

16.91 

I6.8ij 

16.71 

16. &k 

Total 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

'100.00 

100.00 

II.  Cordite  Mark  I 


00^ 

21 .07 

21.98 

23.13 

2U.37 

25,67 

27, 6U 

30.56 

32.ii8 

CO 

26, h6 

26.13 

25.20 

23.91 

22,31 

20  .iili 

17.ii6 

15.U3 

H 

13.53 

15.12 

15.60 

15.53 

1U,96 

13.93 

11.73 

9.U7 

CHj^ 

0.23 

0.32 

o.5li 

1 .00 

1.65 

2,U5 

3.98 

5.51i 

N 

15.97 

15.08 

1U.93 

lU  .86 

lli.90 

IU.95 

15.11 

15.60 

H^O 

22.7i| 

21.37 

20.60 

:  20.33 

20.31 

20.59 

21.16 

21.UO 

Total 

- 1 

100,00 

100.00 

100.00 

100,00 

100.00 

100,00 

100.00 

100.00 

III,  Cordite  M,D. 


CO3 

1U.85 

I6.ii5 

18.35 

20.30 

22,25 

2li,l5 

28.15 

32.35 

CO 

31.87 

33.95 

32,ii0 

30.50 

28.1i5 

26  .ii5 

22.60 

19.00 

H 

18.95 

19.20 

19.00 

18.00 

16.65 

15.00 

11.80 

8,1;5 

CHi^ 

0.29 

0.83 

1 .60 

2.70 

3.95' 

5.60 

7.80 

9.95 

IJ 

12.89 

12.57 

12.ii5 

12.50 

12.65 

12.85' 

13.05 

13.U5 

H2O 

18.15 

17.00 

16.20 

16.00 

16, o5 

16.15 

16.60 

16.80 

Total 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

i 

loading.  The  cause  of  these  variations  is  considered  in  Sec.  39 
in  connection  with  a  discussion  of  the  gaseous  equilibria  exist¬ 
ing  at  the  tenperature  of  explosion, 

3$,  Composition  of  povfder  gases  from  a  gun 

The  experiments  that  have  been  referred  to  so  far  were  per¬ 
formed  'with  closed  chambers.  A  feY^r  analyses  have  been  made,  how¬ 
ever,  of  the  gases  formed  in  an  actual  gun.  Thus  Noble  [1906, 
pp.  h55-6]  obtained  the  results  shoTO  in  the  second  column  of 
Table  XI  by  analysis  of  a  sample  of  gas  withdravm  from  the  breech 
end  of  a  9«2--in.  gtua  just  after  it  ha,d  fired  a  charge  of  103  lb 
of  cordite,  giving  a  pressure  of  16,1  tens/in?  and  a  muzzle  velo¬ 
city  of  2600  ft/scc.  For  comparison,  the  last  t¥ro  columns  of  this 
table  give  Noble's  analyses  of  the  gases  obtained  from  firing 
charges  of  cordite  at  a  density  of  leading  of  0.05  in  a  closed 
chamber,  which  in  one  case  had  been  exhausted  and  in  the  other  had 
been  initially  filled  vfith  air  at  atmospheric  pressure.  The  com¬ 
position  of  the  gases  in  the  gun  agrees  closely  Ydth  those  in  the 
closed  chamber,  Poppenberg  and  Stephan  [190?b]  found  from  an 
analysis  of  gaseous  mixtures  taken  at  various  parts  of  the  barrel 
that  there  is  more  carbon  monoxide  t  the  moment  of  explosion  than 
there  is  after  the  gases  have  cooled  doi'm. 

The  presence  of '  considerable  quantities  of  iron  in  the  poiTder 
gases  was  claimed  by  Siv/y  [1908],  but  he  published  no  supporting 
evidence.  He  did  not  oven  describe  the  method  of  detection. 
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Table  XI.  Products  of  combustion  of  cordite  in  a  gun 
compared  vfith  those  obtained  in  a  closed 
chamber^  in  percentages. 


Product 

Gun  (Mean  of 
Two  Rounds) 

Closed  Chaaaber 

With  Air 

Evacuated 

COg  1 

25.6 

ZT.i? 

26.35 

CO 

35.8 

3U.35 

35.05 

H 

19.0 

17.50 

19.50 

0.5 

0.30 

0,60 

N 

T9.1 

20.70 

18.50 

Total 

100.0 

100.00 

100.00 

36,  Explosion  temperature 

28/ 

The  theoretical  explosion  tenporaturo  refers  to  the  tempera¬ 
ture  to  vfhich  the  products  of  an  explosion  virould  be  raised  if  the 
reaction  took  place  adiabatic ally.  This  temperature  on  the  centi¬ 
grade  scale  is 

Te  =  Q/Cy.  (V-1 ) 

vfhere  Q  is  the  racial  heat  of  explcsicn  at  constant  volume  (referred 
to  products  cooled  to  0°G),  summed  over  all  tho  components  of  the 
original  explosive,  and  Cy  is  the  moan  raolal  heat  capacity  from  0 
to  T°C,  sui'-imed  over  all  the  products  of  the  explosion.  Calcula¬ 
tions  of  the  explosion  temperature  based  on  this  equation  are  dis¬ 
cussed  in  the  next  section. 

Various  atterapts  have  boon  made  to  measure  the  terg^erature  of 
explosion  directly.  Noble  and  Abel  (167$;  p.:  I?!  In  1906  reprint] 
_ _ _ _  \ 

28/  Also  caJled  adiabatic  flame  temperature . 
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shov?Gd  that  tho  tenpcraturo  of  explosion  of  gunpaivder  is  higher 
than  the  nelting  poiat  of  platinun,  by  firing  a  very  thin  sheet 
of  platinun  and  a  coil  of  fine  platinun  wire  vrith  largo  charges 
of  gunpowder  in  a  closed  chamber.  Portions  of  the  wire  were  v/old- 
ed  to  the  sheet,  and  the-,  sheet  itself  shov^ed  tho  beginning  of 
fusion'v/hen  examined  under  a  microscope. 

Measurement  of  the  explosion  temperature  of  snojceless  powders 
by  means  of  thermocouples  7/as  attempted  by  Macnab  and  Ristcri 
[IPOO^  .  Because  the  heat  losjtj  is  so  groat,  the  max^xp-.t  tempera¬ 
ture  recorded  by  a  plat inum-p!f.at inrhodium  thermocouple  in  a  closed 
chamber  depends  on  the  diameter  of  the  wire.  Each  couple  of  a 
series  of  ten  made  of  v/ires  ranging  in  diameter  from  0.010  to  O.OhO 
in.  was  used  to  measure  the  temperature  of  explosion  of  the  same 
charge  of  pov/der  under  the  same  conditions,  The  e/if  of  the  galva¬ 
nometer  was  recorded  as  a  function  of  time  on  a  fixed  photographic 
plate  fitted  with  a  moving  slit.  The  maximum  defleotion  vras  given 
by  the  couple  made  of  the  thinnest  wires j  the  deflections  of  the 
others  were  progressively  less.  It  v/as  hoped  to  extrapolate  the 
deflections  to  a  thermocouple  of  zero  thickness,  and  to  calibrate 
them  in  terras  of  temperature  3  but  the  attempt  was  not  entirely 
successful.  It  was  demonstrated  that  the  explosion  temper aturos 
of  the  three  explosives,  guncotton,  cordite,  ballistito,  increased 
in  the  order  named,  which  is  the  same  order  as  that  obtained  from 
calculated  temperatures. 

It  has  been  suggested  that  explosion  tonperatures  might  bo 


a  nethod 


measured  by  means  of  the  spectra  of  the  burning  gas 


that  has  been  discussed  recently  by  Brinkiaan  [  1 9l[0]  .  The  lino~ 
reversal  method  has  been  used  successfully  in  measuring  the 
flame  temperatures  in  the  internal  combustion  engine.  It  was 
suggested  by  Lewis  and  von  Elbe  [ 1 93  8 »  p.  3371  that  this  method 
might  be  adapted  to  the  measurement  of  the  explosion  temperattire 
in  a  closed  chamber  "by  suspending  highly  dispersed  sodium  salts 
in  explosion  mixtures  and  recording  the  reversal  point  photographi¬ 
cally  by  progressive  adjustment  of  the  comparison  radiator."’ 


37.  Explosion  pressur-e 

The  explosion  pressure  is  the  naxiroun  pressure  that  vfould  be 
developed  by  the  powder  gases  if  the  reaction  took  place  adiabati- 
cally  in  a  closed  chamber.  It  is  related  to  the  temperature  of 
explosion  by  the  equation  of  state  of  the  powder  gases.  At  the 
high  temporaturos  of  explosion,  the  interno locular  attraction  term 
in  the  equation  of  state  can  be  neglected,  and  the  following  sir5)le 
form  of  equation  suffices: 

(v-«.)  =  (V-2) 

Yfhere  v  is  the  specific  volume  of  the  powder  gases  at  the  pressure 
P^,  ot  is  thvoir  average  covolume  and  R  is  the  gas  constant  per  gran. 


29/  The  temperature  of  the  povTder  gases  burning  Inside  a 
closeT'chamber  has  been  determined  recently  at  the  Gfeophysical 
Laboratory  by  measuring  rd.th  photoelectric  cells  the  intensity 
of  radiation  -in  different  parts  of  the  spectrum  that  is  transmit¬ 
ted  by  a  quartz  window  in  the  side  of  the  chamber.  This  technic 
will  bo  described  by  F.  C,  Kracek,  iff.  Benedict  and  L.  G.  Bonner 
in  a  forthcoming  NDRC  report. 
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Since  the  density  of  loading  A  is  the  reciprocal  of  v,  this  equa¬ 
tion  nay  be  written  in  the  form 

Pg  -  ARTg/d -c*A),  (V-3) 

Since  pc.  is  approxinately  0.001  for  the  six  gases  comonly  found  as 
products  of  combusticn  .of  powder  [Sarrau,  1893;  Burlot,  1921;] «  the 
explosion  pressure  increases  almost  linearly  with  an  increase  in 
density  of  loading.  Because  the  number  of  moles  of  gas  per  gram 
of  powder  depends  on  the  gas  composition,  the  constant  R  for  a 
given  charge  also  depends  on  the  composition. 

Because  of  the  rapidity  with  which  the  powder  gases  lose  their 

31/ 

heat  to  the  Trails  of  the  chanber,  the  pressure  measured  in  a 
closed  chamber  never  quite  attains  the  theoretical  maximum.  For 
the  same  reason  it  is  doubtful  whether  the  adiabatic  explosion 
temperature  is  actually  roached.  Some  of  Noble's  experiments  [ 1 905 . 
p.  227]  demonstrated  the  oxti-sne  rapidity  of  cooling.  Thus  the 
pressure  of  the  pcn-fder  gases  from  cordite  fired  in  a  closed  chamber 
decreased  from  39,000  Ib/in?  to  60  percent  of  that  value  in  1  sec. 
The  loss  of  pressure  is  greater  at  a  low  density  of  loading.  Noble, 
nevertheless,  did  net  correct  the  observed  pressures,  and  hence  his 
measurements  —  some  of  which  are  reproduced  in  Table  X,B  —  show 
considerable  departure  from  linearity  at  low  densities  of  loading 


30/  This  relation  assui.ies  that  the  weight  VI  of  the  powder 
gases  is  the  same  as  the  weight  of  the  original  charge.  Then 
V  =  Y/iiy  and  in  the  metric  system,  A  is  numerically  equal  to 
Vf/V,  where  V  is  the  volume  of  the  chamber  (see  footnote  2?), 

The  expansion  of  the  chamber  by  the  pressure  is  neglected, 

31/  See  Chap,  X  for  methods  of  measurement. 
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and  approach  linearity  at  high  densities.  Ho  had  provicusly  cone 
to  the  conclusion  [Noble  and  Abel,  1875]  that  the  pressure  loss 
duo  to  the  cooling  wculd  not  exceed  1  percent.  However,  the  spe¬ 
cial  experinants  of  Muraour  [1923,  1925a,  and  1925b]  and  of  Crem 
and  Grinshaw  [1931b]  have  shoim  that  this  loss  nay  easily  exceed 
10  percent,  especially  at  low  densities  of  loading  or  in  a  snail 
chanber . 

In  a  gun  the  conditions  are  much  more  conplex  than  in  a 
closed  chanibcr,  because  of  the  expansion  of  the  gases  as  the  pro¬ 
jectile  moves  forward.  They  17111  bo  considered  in  Sec.  50  in  con¬ 
junction  with  a  discussion  of  the  movonent  of  tlui  projectile, 

38.  Approximate  ca.lculation  of  temperature  of  powder  gases 

The  teraperaturc  of  the  pcvifder  gases  at  the  tine  of  explosion 
ras.y  be  calculated  by  either  of  two  independent  methods,  v/hich  are 
based  on  Eqs,  (V-1 )  and  (V--3),  respectively.  The  former  is  related 
to  the  thornochemical  properties  of  the  pow'der  and  of  the  evolved 
gases.  Equation  (V-l)  soons  to  have  been  used  first  for  this  pur¬ 
pose  by  Mallard  and  Le  Chatelier  [ 1 S83 ] .  Equation  (V-3)  was  devel¬ 
oped  by  Abel  as  an  empirical  relation  in  the  form 

P  =  Xa/(1  -o^A),  (V-I4) 

where  A  and  oc  ivere  empirical  constants,  and  it  is  often  referred 
to  as  the  Abel,  or  tho  Noble  and  Abel,  equation. 

The  calculation  of  tho  temperature  of  explosion  from  the  maxi- 
nui.i  pressure  developed  in  a  closed  chamber,  in  accordance  with  Eq, 
(V-3),  involves  two  difficulties.  The  equation  itself  is  only  an 
approximation,  and  tliere  is  not  at  present  sufficient  kri'Owlcdge  of 


* 
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the  kinetic  properties  of  gases  under  the  conditions  of  terapera- 
ture  and  pressure  concerned  for  it  to  bo  inproved.  The  covolunc, 
in  particular,  is  imperfectly  knovm,  .An  equally  important  diffi¬ 
culty  is  that  of  measuring  the  true  pressure  of  the  explosion. 

As  already  nontionod,  the  gas  is  cooled  sc  quickly  by  the  walls 
of  the  chamber  that  the  meximum-  pressure  measured  is  somewhat  less 
than  the  true  pressure.  The  correction  to  bo  added  to  the  observed 
pressure  was  evaluated  by  Muraour  [1923,  p.  323 1  1923a,  p.  i;60] 
from  oxperijnents  in  a  closed  chamber  in  which  the  area  of  the  sur¬ 
face  exposed  to  the  gases  could  be  varied.  It  vfas  calculated  by 
Crovj-  and  Grimshaw  [1931a.  p.  50]  as  an  example  of  heat  conduction, 
from  pressures  measured  in  two  chambers  of  widely  different  sur¬ 
face  areas . 

In  the  early  applications  of  Eq.  (V-1)  to  the  calculation  of 

the  teraperature  of  explosion,  Gy  was  evaluated  on  the  basis  of  the 

ccraposltion  of  the  cooled  powder  gases.  It  vras  expressed  as  a 

linear  function  of  the  temoerature ;  whereupon  Eq.  (V-1 )  could  be 
32/ 

solved  for  T.  It  was  soon  realized,  however^  that  the  products  ■ 
of  combustion  found  in  a  closed  chamber  after  it  has  cooled  to 
room  temperature  are  not  necessarily  the  same  as  those  present 
under  the  conditions  of  high  temperature  and  high  pressure  exist¬ 
ing  at  the  tiiao  of  the  explosion,  and  also  that  thQ  heat  capaci¬ 
ties  of  gases  at  high  temperatures  are  net  linear  functions  of  the 
temperature , 


32/  Sec  Hayes  [1935»  p.  33]  for  an  exposition  of  this 
solution. 
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39.  Secondary  roactiona  durig^  cooling  . 

Exporiiaents  intended  to  elucidate  the  changes  that  talco 
place  during  cooling  of  the  products  of  the  explosion  vrere  con¬ 
ducted  by  Poppenberg  and  Stephan,  They  confirmed  Noble's  ob¬ 
servations  (see  Table  X)  that  the  ratio 

k  =  [H20]-[C0]/[C0J»[H23 

decreased  v/ith  increase  of  density  of  loading.  They  expla.inod 
this  variation  by  the  assumption  that  the  nixturo  cooled  more 
slowly  at  high  densities  of  loading^  and  hence  that  the  "water 
gas"  reaction  [Eq,  (V-6)3  had  more  time  to  proceed.  This  vicvir 
T^as  substantiated  by  firings  [Poppenberg  and  Stephaii,  1 909a] 
made  at  the  same  density  of  loading  ^vitli  the  explosion  chamber 
cooled  to  -120^0  in  one  case  and  heated  to  90°C  in  the  other. 

More  carbon  dioxide  was  produced  at  the  high  than  at  the  low 
temperature . 

The  formation  of  methane  was  shown  to  be  a  secondary  re¬ 
action  by  later  experiments  made  by  Poppenberg  and  Stephan  [1910a] 
and  by  Poppenberg  [ 1 923] .  In  some  of  them  the  explosion  took 
place  inside  a  small  porcelain  bomb  contaiiied  in  an  evaevated 
chamber.  The  sudden  expansion  of  the  gases  when  the  porcelain 
bomb  burst  so  cooled  then  that  the  equilibrium  was  frozen. 
Criticism  by  Kast  [1910]  of  the  interpretation  of  these  results 
was  mot  by  a  further  discussion  by  Poppenberg  and  Stephan  [191  Ob] , 
Their  conclusion  v^ith  respect  to  the  secondary  formation  of  meth¬ 
ane  Yfas  confirraed  by  Muraour  [191 9a] ,  who  quenched  the  equilibri- 
\im  mixture  by  having  it  expand  tlirough  a  1-m  canal  into  an  evac¬ 
uated  vessel.  It  also  is  in  agreement  vfith  the  latest  calcula¬ 
tions  [Kent,  1938a] . 


ho.  Calculation  of  corrections  for  conposition  of  powdor  gases 

After  it  vtcs  realized  that  the  conposition  of  the  cooled  gases 
reflected  secondary  reactions  during  cooling,  methods  of  calcula¬ 
tion  vvere  developed  to  correct  lor  then.  These  corrections,  com¬ 
bined  with  inproved  data  for  heat  capacities  of  gases  at  high  tem¬ 
peratures  and  with  increasingly  precise  measurements  of  explosion 
pressures,  gradually  decreased  the  discrepancy  between  the  values 
of  explosion  temperatures  calculated  from  the  maximum  pressure  and 
those  calculated  from  heat  capacities.  At  first  [Noble,  1906,  pp, 
U63-5;  Poppenberg,  1909;  itiraour,  1 91 9b]  the  temperatures  calcu¬ 
lated  from  the  maximum  pressure  were  much  too  Ioit,  except  at-  high 
densities  of  loading.  In  a  later  comparison  [Muraourj  1 92lia, 

1 92lic ,  1926]  the  disagreement  was  much  loss,.  Finally  the 
very  thorough  investigation  of  Crow  and  Grimshaw  [1931b]  resulted 
in  agreement  within  2  percent  for  the  value  of  X  —  the  bm3d..q- 
tic  force  of  the  propellant  —  derived  from  the  .heat  capacity  and 
heat  of  explosion  and  that  derived  from  direct  measurements  of  the 
explosion  pressures  at  different  densities  of  loading.  This  func¬ 
tion  is, the  leading  coefficient  in  the  equation  of  state  adopted 
by  Crow  and  Grimshavj-,  . 

Pq  =  A(A  +  ocA^  +aot2A^ +  (V-5) 

which  is  merely  a  more  elaborate  form  of  the  Noble  and  Abel  equa- 

* 

tion,  Eq,  (V-i;), 

The  method  of  calculation  used  by  do  Bruin  and  de  Pauw  [1926] 
and  by  Scliraidt  [192g]  tc  correct  for  the  change  in  gas  conposition 
by  the  scedndary  reactions  in  cooling  consisted  in  calculating  the 
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corrections  to  the  ccinposition  of  the  cooled  f^ases,  by  application 
of  the  equilibrium  constant  for  the  socvndary  ?ratGr-gas  reaction, 

CO  +  H2O  ^  GO2  +  Hg.  (V-6) 

Ul ,  Calculation  of  temperature  and  composition  of  powder  gases 

The  method  of  Henderson  and  Has  so  [1 922] ,  v^hich  ¥/as  later  used 
by  Popponborg  [  1 923  3  and  by  Crow  and  Grliashaw  [1 931b] ,  is  superior 
in  that  it  dees  not  require  a  knowledge  of  the  composition  of  the 
cooled  gases.  By  a  scries  of  successive  approxii’iaticns  the  oqui- 
librium  composition  of  the  hot  gases  is  derived  from  the  following 
experimental  data;  (i)  the  molal  heat  of  explosion  at  constant 
volumoj  (ii)  the  chemical  composition  of  the  powder  in  terms  of  the 
chemical  elements  present;  (iii)  the  equilibriuia  constant  as  a  func¬ 
tion  of  the  temperature  for  each  of  the  reactions  in  which  the  pro¬ 
ducts  of  conbusticin  may  be  assumed  to  participato;  and  (iv)  the 
mean  molal  heat  capacity  from  0°C  to  the  explosion  temperature  for 
each  of  the  substances  that  it  is  assumed  might  be  present  in  the 
explosion. 

The  molal  proportions  of  the  chemical  species  assumed  to 
participate  in  the  equilibria  at  the  temperature  of  the  explosion 


For  a  d  iscussion  of  this  reaction,  particularly  in 
flames,  see  Bono  and  Tovmsend  [1927,  p,  322], 

3^/  Hirachf older,  McClure  and  Curtiss  [1 9^2 j  have  system.a- 
tized  the  calculation  of  the  adiabatic  flarae  temperature  and  the 
composition  of  the  po'.vder  gas.  Their  method  is  based  on  the  sane 
data  as  is  the  one  described  in  Sec,  ill;  but  instead  of  carrying 
out  the  approximation  by  assuming  successive  values  for  the  flame 
temperature,  they  calculate  the  energy  loss  at  two  different 
assumed  flame  temperatures,  and  then,  by  linear  interpolation  be¬ 
tween  these  values  for  that  flame  temperature  v^hich  would  corre¬ 
spond  to  zero  energy  loss,  they  obtain  the  true  flame  temperature. 


form  tho  unlmoiivilS  of  a  sorios  of  siraultaneous  algebraic  equations. 
One  group  of  these  equations  of  condition  is  based  on  the  knoTrm 
chemical  composition  of  the  powder.  The  other  is  derived  from  the 
equilibrium  constants  for  tho  assumed  equilibria,  evaluated  at  a 
provisionally  assumed  temperature.  The  solution  of  these  simul¬ 
taneous  equations  gives  the  first  approximation  to  the  molal  com¬ 
position  at  the  time  of  explosion,  (Henderson  and  Hasse  con¬ 
sidered  only  the  water-gas  reaction  in  the  main  calculation,  and 
then  used  the  equilibrium,  constants  for  various  othor  possible  re¬ 
actions  to  obtain  second-order  corrections.)  Frcn  this  result  and 
the  assumed  tenporaturo,  tho  mean  molal  heat  capacity  of  the 
v^hole  mixture  is  calculated,  and  then  the  experimental  value  for 
the  heat  of  explosion  is  divided  by  to  compute  tho  temperature 
[Eq,  (V-1)],  This  v?d.ue  of  the  temperature,  which  will  differ 
somewhat  from  that  originally  assumed,  is  used  as  a  basis  for  a 
repetition  of  the  calculation.  Finally,  after  one  or  more  repeti¬ 
tions,  the  computed  temperature  vrill  agree  v^ith  the  assumed  tempera¬ 
ture,  This  value  and  the  corresponding  molal  composition  are  con¬ 
sidered  as  those  of  the  burning  gases. 

This  method  of  calculation,  v/hich  involves  the  simultaneous 
consideration  of  a  number  of  equilibria,  was  used  by  Kent  [1938a] 
in  a  recalculation  of  the  composition  of  the  gases  from  two  of 
the  powders  previously  considered  by  Crow  and  Grimshaw  [1931b] « 

The  equilibria  involving  the  forr:iation  of  methane  and  nitric  oxide 
and  those  for  the  dissociation  of  iTater  and  nitrogen  were  included 
in  addition  to  tho  water-gas  reaction,  which  had  been  the  only  one 
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considered  by  Crow  and  Crinshaw.  This  recalculation  nadc  use 
\  of  the  latest  values  for  heat, capacities  of  gases  at  high  tenpora- 

turos,  obtained  largely  from  noasurements  of  band  spectra  [David 

^  • 

and  Leah,  193li;  Lewis  and  von  Elbe,  1938,  Chap.  XVI].  The  results, 
vfhich  are  reproduced  in  Table  XII,  shovj-  that  the  early  assumption 
of  the  dominance  of  the  i.-ater-gas  reaction  was  correct.  Later  un¬ 
published  conputatiens  [Kent  and  Lane,  I9I4.I]  involving  a  total  of 
tv^olve  different  equilibria  have  not  changed  the  results  materi¬ 
ally . 

The  vfater-gas  reaction  does  not  involve  a  volume  change  if 
the  gases  are  ideal,  and  hence  the  equilibrium  is  net  affected  by 
change  of  pressure,  Cn  this  basis  it  has  boon  argued  that  the 
apparent  change  of  explosion  temperature  and  of  heat  of  explosion 
vfith  variation  in  density  of  loading  are  spurious  effects.  The 
•  existence  of  reactions  involving  volume  changes  in  the  powder 

gases,  hoTfaver,  brings  in  a  slight  variation  of  the  explosion 
tenporattire  with  change  of  pressure,  as  shovai  in  Table  XII. 

Ia2  ,  Equilibrium  conditions  during  burning 

Although  the  calculations  just  discussed  furnish  us  vrith  our 
best  kncvrladge  of  the  composition  end  temperature  of  pciTder  gases 
at  the  time  of  explosion,  there  remain  tviTo  possible  soui’ces  of 
uncertainty,  in  addition  to  the  uncertainties  of  the  experimental 
data  involved  in  the  calculation.  The  variation  of  the  heat  ca¬ 
pacity  of  the  gases  with  pressure  [Muracur,  1 924a ,  p.  330]  has 


Hirschf elder,  McClure  and  Curtiss  (reference  3U)  hax'-e 
repeated  the  calculation,  using  a  variation  of  this  method  with 
the  additional  refinement  of  correcting  for  the  fact  that  the  gas 
is  nonideal. 
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Table  XII,  Partial  pressures,  in  atnosphores,  of  the 
constituents  of  pov/der  gases,  and  tenpora- 
t\ire  of  explosion.'^^ 


Po'iTder 

Nitrocellulose 

Ballistite 

Pressure 
(atnes ) 

3ii0 

3ii00 

3U0 

31^00 

CO 

138. ij8 

1386.5 

Sl.Oii 

756.8 

COg 

iiO.92 

Un.o 

73.86 

827.5 

H2O 

82.00 

827.9 

88.89 

96U.8 

Ns 

36.17 

326,6 

50.8li 

52.2.5 

H2 

li0.69 

li07.d 

12.60 

111.2 

O2 

— 

— 

5.08 

26.0 

N 

0.01 

— 

0.17 

1.3 

H 

2.9 

3.11 

dO.I 

0 

,01 

— 

1.76 

7.2 

OH 

1.02 

3.5 

18.99 

133.9 

NO 

0.06 

0.2 

3.86 

3li.7 

Tenp.(°C) 

2663 

2689 

3398 

368U 

■^After  Kent  [1938]  . 


not  been  taken  into  account.  Moesveld  []926,  p.  3I4]  connludod, 
hc\Tever ,  on  the  basis  of  the  van  dej?  YiTaals  equation,  that  the 
variation  is  negli-Tible  at  high  tenperatures . 

The  other  source  of  uncertainty,  naraely,  the  assuiaption  of 
a  state  of  equilibriioii  ai.iong  the  atons  of  a  gas,  is  noro  inrpor- 
tant,  because  this  assunption  underlies  all  the  calculations, 
Muraour  [l92Ua,  p.  335]  suggested  that  during  coiiousticn  equilib- 
riun  nay  not  be  naintained-  oxygen,  for  instance,  nay  react  nore 
ra.pidly  vrlth  hydrogen  than  with  carbon.  He  considered,  never¬ 
theless,  that  equilibrium  vfould  bo  established  as  soon  as  burn¬ 
ing  was  completed. 
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Lewis  and  von  Elbe  [1936,  p,  306]  pointed  out  that  in  the 
absorption  of  tho  energy  of  explosion  by  the  gas  molecules  there 
may  be  a  lag  in  the  excitation  of ■ the  translational  degrees  of 
freedom  of  carbon  dioxide,  carbon  monoxide  and  nitrogen,  Tho 
resulting  momentary  excess  of  translational  energy  causes  "a 
higher  pressure  which  lasts  for  a  period  comparable  with  explo¬ 
sion  times .  Ultiiaately,  energy  equilibrium  among  all  the  degrees 
of  freedom  is  established.  Thus,  the  heat  capacity  of  these 
gases  is  a  tiiae  function."  A  somewhat  similar  possibility  of 
nonequilibrium  conditions  is  that  suggested  by  Crawford  [1937] , 
who  considered  that  because  of  tho  very  rapid  rate  of  burning 
in  a  gun,  the  gas  kinetic  energy  of  the  products  of  combustion 
lags  behind  the  radiant  energy  field  of  the  explosion  system. 

This  would  cause  a  considerable  deviation  from  tho  van  der 
Vifaals  equation. 

An  investigation  of  equilibrium  has  been  made  recently  at 
Aberdeen  Proving  Ground  in  ccllaboraticn  iYith  Professor  H.  C, 

Urey  [Kent  and  Lane,  19h'i]  .  A  small  amount  of  barium  carbonate 
containing  a  heavy  isotope  cf  carbon  was  fired  with  a  charge  of 
povfdor,  and  then  the  distribution  of  the  heavy  isotope  between 
carbon  monoxide  and  carbon  dioxide  was  determined  in  the  pro¬ 
ducts  of  the  combustion  after  they  had  been  quenched  by  rapid 
expansion.  According  to  a  prolirainary  report  of  those  expori- 

36/ 

ments,  the  heavy  isotope  v/as  found  uniformly  distributed 


36/  R.  H.  Kent,  personal  communication  to  R,  E.  Gibson, 
Jan.  W,  ^9h2. 
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botweon  the  two  gases.  This  is  censidered  as  evidence  that 
chenical  equilibriun  had  been  reached  during  the  combustion 
of  the  powder. 
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CHi^iPTER  VI.  MOVEI.SNT  OF  THE  PROJECTII^  IN  THE-  BbRE  ' 

»  Tho  detailed  nathenatical  description  cf  the  novencnt  of 
the  projectile  in  the  bore  of  a  pun,  v/hich  is  one  of  the  princi- 

37/ 

pal  prcblens  of  interior  ballistics,  is  too  involved  to  lie  pre¬ 
sented  in  this  report.  Instead,  a  few  outstanding  details  of 
that  description  will  be  nentioned  in  their  relation  to  erosion. 

hU.  Rato  of  increase  of  pressure 

The  rate  at  v/hich  the  pressure  increases  behind  a  projec¬ 
tile  in  a  pun  depends  on  the  interaction  of  several  factors. 

It  is  controlled  principally,  of  course,  by  tho  rate  of  burning 
of  the  poviTder,  but  this  reciprocally  depends  cn  the  pressure. 

In  a  closed  chanter  the  pressure  rises  at  an  over-increasing 
rate  until  the  powder  is  nearly  all  burned.  In  a  gun,  however, 
the  rate  of  increa.se  of  pressure  is  partly  checked  by  the  in¬ 
crease  of  vcl\inc  caused  by  the  novenent  of  the  projoctilo.  At 
first  the  expansion  is  slow,  because  tho  pressure  is  low  and  also 
because  the  resistance  to  novenent  of  the  projoctilo  is  high  until 
the  rotating  band  has  been  engraved  by  the  rifling  (see  Sec.  U6), 
Later  the  expansion  is  fast  enough  to  offset  partially  tho  in¬ 
creased  rate  of  burning  cf  the  powder.  Next  the  anount  of  burn¬ 
ing  powder  becomes  so  snail  that  the  evolution  of  gas  begins  to 

37/  The  Le  Due  equation  for  tho  velocity  of  the  projectile 
in  the  bore,  which  is  used  in  designing  new  guns,  is  d.eacribed 
in  Hayes  [1938»  PP*  TU-Sl]  and  in  Naval  ordnance  [ 1 93 9 .  pp. 

50-8^] ,  A  more  refined  form  of  somiompirical  calculation  is 
afforded  by  the  use  of  tho  Taloles  for  interior  ballistics  pre¬ 
pared  by  Bennett  [1921] . 


docrease.  This  uffoct  combines  '.vith  the  evcr-incroasinf;  expan¬ 
sion  to  cause  tho  rate  of  increase  of  pressure  to  become  zero. 
After  the  attainment  cf  a  maximum  pressure,  tho  remainder  of 
tho  pov/der  is  burned  vdthin  a  short  interval  of  time  durinr:  which 
the  pressure  decreases  slovdy.  Finally  the  pressure  continues  to 
decrease  approxiiaatoly  as  in  an  adiabatic  expansion.  The  curves 
of  pressure  versus  time  for  several  rjuns  (Fic.  1)  clearly  show 
these  variations  cf  the  pressure.  They  are  photo graphic  records 
made  by  means  of  a  cathode-ray  oscilloj'raph  attached  to  a  piezo¬ 
electric  gage  during  tho  firing  of  actucol  guns. 

Position  of  projectile  at  maximum  pressure 

Although  the  tine  required  for  the  pressure  to  build  up  to 
a  maximum  is  a  ccnsido?:'ablo  fraction  of  the  total  tir.iG  the  projec¬ 
tile  is  in  the  bore,  up  to  the  moment  of  naxiiauia  pressure  tho  pro¬ 
jectile  has  moved  only  a  few  caliber  lengths  from  its  initial  posi¬ 
tion,  At  tho  tine  of  naximu.m  pressure  that  part. of  the  bore  of  tho 
gun  betireen  the  breech  and  the  base  of  the  projectile  is  subject 
to  the  iaaximun  pressure.  i\ftor  that  the  pressure  decreases  slow¬ 
ly  as  the  projectile  continues  tc  move  toward  the  muzzle.  The 
nuzzle  pressure,  the  exact  value  of  v/hich  depends  on  the  speed  of 
burning  of  the  powder  and  on  the  length  of  the  tube,  is  of  the 
order  of  ono-fourth  the  naxinum  pressure, 

U6.  Frlctien  of  the  projectile  in  the  bore 

Beth  static  and  dynamic  measurements  have  been  made  of 

0 

..  .  ■  '  ■  . .  -  . 

38/  See  Sec.  33  fc'r  heat  of  friction, 

39/  Some  of  the  earliest  st3.tic  measurements  were  made  at 
Watorwm  .irsenal  with  tho  "United  States  Testing  Machine"  and  v/cre 
rj^ortod  in  Tests  of  metals  published  annually  by  that  Arsenal, 
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the  initial  resistance  of  the  projectile  to  novonent,  caused  by 
the  work  required  tc  engrave  the  rotating  band  — -  or  the  soft 
netal  Jacket,  in  the  case  of  a  bullet  —  and  the  subsequent  fric¬ 
tion  betvrocn  the  bore  and  the  two  parts  of  the  projectile  that 
touch  it,  nanely,  the  rotating  band  (Sec.  18)  and  the  bourrelet 
(Sec,  17).  In  one  case,  for  instance,  the  resistance  in  a  worn 
75-nn  gun,  Ml 897  (fired  77^5  rounds)  was  found  to  be  14.0,000  lb 
at  the  origin  of  rifling  and  about  15,000  lb  at  the  nuzzle  [Ord, 
Dept,,  1 922b] ,  The  actual  resistance  to  a  noving  projectile, 
however,  is  probably  imich  less  than  the  result  of  such  a  static 
measurement.  This  was  indicated  by  the  fact  that  when  projec- 
■tlles  having  rotating  bands  of  reduced  diameter  were  fired  from 
a  2li0-mn  hoi’/itzer,  practically  no  effect  on  pressure  or  velocity 
vras  found  (Ord,  Dept,,  1922a] ,  This  conclusion  is  in  agreement 
with  the  suggestion  of  Justrow  [1923]  that  the  friction  between 
the  band  and  the  bore  corresponds  approximately  to  that  of  a 
piston  adjusted  for  suction. 

A  summary  of  several  dynamic  nathods  of  measuring;  bore  fric¬ 
tion  has  been  given  by  Kutterer  [I9ii2].  In  Cranz*  method  a  shot 
is  fired  from  a  shortened  tube  from  which  it  initially  protrudes 
about  one-third  its  length.  The  engraving  resistance  is  taken 
equal  to  the  mean  pressure  corresponding  to  a  series  of  equal 
charges  which  are  Just  sufficient  to  eject  the  projectile  about 
half  the  time.  In  several  other  methods  the  frictional  force 
is  evaluated  as  the  difference  butvrocn  the  force  tending  to  push 
the  projectile  fonfard  and  the  force  of  recoil.  In  Sebert’s 
method  the  frictional  force  is  evaluated  as  the  difference  be- 
tvreen  the  force  acting  on  the  projectile  and  that  acting  on  a 
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frlctionless  piston  inserted  in  an  axial  hole  through  the  shot. 
These  two  forces  are  neasured  by  differentiation  of  tiTo  space- 
tine  curves  obtained  by  neans  of  recording  tuning  forks  on 
frictionless  slides  attached  to  the  shot  and  the  piston. 
Liebessart  improved  Sebert's  niothod  by  measuring  the  displace¬ 
ment  optically. 

The  method  of  Cranz  and  Schardin  [1932]  utilizes  a  breech 
block  consisting  of  a  heavy  frictionlcss  piston,  having  the  same 
area  as  the  projectile,  so  that  the  forces  on  then  are  the  same. 
Hence,  when  the  gun  is  fired  from  a  free  recoil  carriage,  the 
tube  is  pulled  forwsird  by  the  frictional  drag.  The  .frictional 
force  is  the  product  of  the  mass  of  the  tube  and  its  accelera¬ 
tion,  The  latter  is  obtained  by  the  double  differentiation  of 
the  space-tine  curve  for  the  tube'.  Kutteror  [  1 9h2 ]  modified 
this  method  by  measuring  the  acceleration  of  the  tube  directly 
by  attaching  to  it'  a  frictionless  piston  which  registered 
against  a  piezoelectric  quartz  gage. 

The  methods  mentioned  have  required  a  modification  of  the 
operation  of  the  gun  or  projectile.  The  friction  of  a  standard 
projectile  in  the  bore  of  a  lU-in,  Navy  gun  was  dotomined  in¬ 
directly  during  cin  investigation  of  the  ballistics  of  this  gun 
[Bur,  Stand,,  192Ua] .  The  pressure  on  the  base  of  the  projec¬ 
tile  computed  from  the  acceleration  of  recoil  was  less  than  the 
gas  pressure  in- the  chanl'or  measured  with  a.  spring  pressure  gage, 

Uo/ 

This  difference  was  considered  a  measure  of  the  friction, 

ho/  Preparations  are  being  made  for  application  of  this 
methoa  to  measurement  of  the  friction  and  also  other  ballistic 
properties  of  several  guns  of  moderate  caliber,  under  the  super¬ 
vision  of.H,  L,  Curtis  of  the  National  Bureau  of  Standards,  for 
Section  d.  Division  A,  NDHC . 


A  direct-re adinrj  ga[je  has  been  sucgested  recently  by  Snith 
.  It  consists  of  a  quartz  piezoelectric  ga^e  mounted  in 
the  base  of  the  projectile  and  connected  to  an  oscillograph  by 
means  of  a  wire  that  cones  out  the  muzzle  of  the  gun, 

U7.  Relation  of  friction  to  erosion 

The  divergent  views  concerning  the  influence  of  the  rotat¬ 
ing  band  on  erosion  have  already  '-jeen  mentioned  (Soc,.19),  The 
nagnitudo  of  neither  that  influence  nor  that  of  friction  between 
the  bourrelot  and  the  bore  has  been  evaluated,  Nonsymmetrical 

w/ 

muzzle  erosion  has  been  ascribed  to  the  wear  between  the 
bourrelet  and  a  particular  land  with  which  it  remains  in  contact 
during  most  of  its  path  down  the  bore. 

It  is  generally  agreed,  however,  that  the  amount  of  erosion 
caused  by  friction  between  the  projectilo  and  the  bore  is  greater 
in  small  arms  than  in  guns  firing  projectiles  v/ith  rotating  bands. 
The  difference  ]:;etween  the  erosion  in  the  two  kinds  of  weapons, 
however,  seems  to  bo  merely  one  of  degree  rather  than  of  kind. 

This  point  of  view  was  emphasized  by  Greaves,  Abram  and  Rees  [1929, 
P»  ‘*583  ,  who  suggested  that  although  tho  total  amount  of  metal 
eroded  per  round  increases  with  caliber  (see  Table  XVIII),  a 
smaller  proportion  is  removed  by  friction  in  the  larger  guns.  This 

ht/  This  gage  is  now  being  used  in  a  series  of  measure¬ 
ments  with  a  3 -in,  gun  at  Aberdeen  Proving  Ground  under  the 
auspices  of  Section  A,  Division  A,  NDRC,  See  Crocker  and  Smith 

hi/  Arthur  E.  Jewell,  Gage  Section,  Aberdeen  Proving  Ground, 
personal  coitmtunication. 


conclusion  is  based  on  iho  fact  that  the  force  applied  to  unit 
area  of  the  surface  of  contact  between  the  rotating  band  and  the 
bore  is  about  the  same  for  all  guns  fired  at  the  sane  pressure, 
whereas  the  heat  input  to  unit  area  of  the  bore  surface  increases 
very  rapidly  —  because  the  ratio  of  the  weight  of  charge  to  bore 
surface  increases  linearly  —  with  an  increase  of  caliber, 

^8 •  Velocity  of  the  projectile  in  the  tube 

The  velocity  of  the  projectile  continues  to  increase  as  the 
gases  expand  after  the  tino  of  naxinun  pressure.  Noble  invented 
the  chronoscope  for  the  deternination  of  the  velocity  at  different 
points  down  the  tube  by  recording  the  tines  when  the  projectile 
passed  these  points.  In  the  original  arrangonent  described  by 
Noble  and  Abel  [1 87$] ,  the  tube  of  the  gun  was  drilled  at  a 
series  of  points  along  its  length.  Each  hole  was  fitted  with  a 
plug  which  carried  a  wire  arranged  in  such  a  way  that  it  was  cut 
when  the  projectile  passed  that  point.  Cutting  the  wire  inter¬ 
rupted  the  primary  current  of  an  induction  coil,  whereupon  a 
spark  recorded  itself  on  a  piece  of  paper  attached  to  a  disk, 

36  in,  in  circumference,  that  was  retating  with  a  constant  speed 
of  about  1250  rev/rain.  The  instrimient  was  capable  of  recording 
the  millionth  part  of  a  second,  and  when  it  was  in  good  working, 
ornor,  the  probable  error  of  a  single  obseiwation  did  not  exceed 
ii  or  5  ^  10”^  sec,  ^.fter  the  distance  of  travel  of  the  projec¬ 
tile  had  been  expressed  as  a  function  of  the  tine,  the  velocity 
and  the  pressure  were  computed  by  two  differentiations,  A  some¬ 
what  similar  contacting  arrangement  was  used  at  /.berdoon  Proving 
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Ground  [Kent  and  Hitchcock,  1923]  in  a  study  of  the  internal 
ballistics  of  a.  2U0>-ii]n  howitzer,  A  sorias  of  13  contacting 
plugs  v/ero  connected  to  an  oscillograph  to  obtain  a  direct  tine- 
travel  record, 

li9.  Muzzle  velocity  and  energy 

The  nuzzle  velocity  of  the  projectile,  which  is  an  inpor- 
tant  characteristic  of  the  gun,  is  determined  by  measuring  ^vith 
a  chronograph  the  tine  required  for  the  projectile  to  pass  be¬ 
tween  two  velocity  frames  set  up  at  measured  distances  in  front 
of  the  gun,  and  then  applying  a  correction  to  take  care  of  the 
small  change  of  velocity  between  the  nuzzle  and  the  point  of 
measurement.  For  the  first  10  yd  or  so  the  velocity  is  increased 
by  a  few  feet  per  second  by  the  rush  of  the  escaping  gases,  and 
then  it  decreases ,  The  nuzzle  velocities  of  the  guns  in  use  to¬ 
day  generally  range  from  1^00  to  3000  ft/sbc  at  full  charge.  If 
the  full  range  is  not  needed,  some  of  then,  howitzers  especially, 
are  fired  at  reduced  charge,  which  yields  a  lower  nuzzle  velocity, 
-The  nuzzle  energy,  ivhich  is  a  measure  of  the  power  of  the 
projectile,  is  determined  by  the  nuzzle  volccity,  the  velocity  of 
rotation  and  the  mass  of  the  projectile.  The  proportion  of  the 
powder  energy  represented  by  the  nuzzle  velocity  is  the  thermo¬ 
dynamic  efficiency  of  the  gun.  This  efficiency  is  about  30  per¬ 
cent,  as  is  shown  in  Table  XV  (Sec,  52).  The  mechanical  effi¬ 
ciency  of  a  gun,  considered  as  the  ratio  of  the  muzzle  energy  to 


h3/  See  Ordnance  Dept.  [1936,  No,  UO-I?]  for  a  description 
of  the  procedure  cf  this  measurement. 
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the  work  roprosented  Ijy  the  area  of  tho  ideal  indicator  diagram, 
was  calculated  by  Henderson  and  Hasse  [1922,  p.  I1.73]  as  81,  to  90 
percent  for  a  number  of  British,  gams  fired  with  cordite  M.D,  at 
muzzle  velocities  of  about  2700  ft/soc, 

50 .  Effect  of  expansion  of  powder  gases 

Although  the  pressure  in  a  gun  firing  a  service  round  is 
about  the  sane  as  in  a  closed  chai±ier  at  a  density  of  loading 
of  0,20  to  0,25  (see  Tables  I  and  X),  the  gases  in  the  two  en¬ 
closures  are  not  subject  to  the  sane  conditions  up  to  the 
moment  of  maximum  pressure.  In  the  closed  chamber  this  pressure 
is  attained  without  the  jjerformance  of  any  work  by  the  gas,  where¬ 
as  in  the  gun  the  gas  expands  at  the  same  time  that  the  pressure 
increases.  Because  the  secondary  water-gas  reaction  [Eq,.  (V-6)] 
involves  no  volume  change  if  the  gasos  are  ideal,  this  expansion 
has  less  effect  oh  the  gross  composition  of  the  powder  gases 
than  it  otherwise  night.  On  the  other  hand,  a  possibility  which 
nay  bo  of  special  significance  in  connection  with  erosion  is  that 
the  expansion  may  promote  some  reaction  that  is  affected  by  the 
change  of  pressure,  and  thereby  cause  the  formation  in  the  gas 
mixture  of  a  chemical  combination  that  night  readily  react  with 
the  steel  bore. 

Another  possible  cause  of  a  local  disturbance  of  the  gase¬ 
ous  equilibrium  is  the  coding  of  the  gas.  In  a  3-in.  antiair^ 
craft  gun,  for  instance,  the  cooling  has  been  found  by  calcula- 
tion  to  be  about  1000  C  by  the  time  the  gases  reach  the  muzzle, 
which  corresponds  to  a  .gradient  of  about  3°  centiraeter 
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travel  of  the  projectile.  Most  of  this  cooling  is  caused  by  the 
■work  performed  in  pushnig  the  projectile  dowi  the  bore.  Because 
it  affects  the  mass  of  gas  as  a  -whole,  any  change  of  composition 
resulting  from  this  part  of  the  cooling  is  distributed  uniformly. 
Part  of  the  cooling,  however,  is  caused  by  contact  of  some  of  the 
gas  molecules  -vrith  the  cold  surface  of  the  bore;  and  this  change 
is  not  uniform.  Not  only  is  the  cooling  confined  to  the  layer  of 
molecules  adjacent  to  the  wall  of  the  bore,  but  the  ret\im  of 
these  molecules  to  the  main  mass  of  gas  is  hindered  because  they 
are  dravm  forward  by  the  movement  of  the  projectile.  This  uni¬ 
directional  gas  stream  may  have  a  different  composition  from  that 
of  the  rest  of  the  gas,  since  an  exothermic  reaction  would  be  pro¬ 
moted  by  cooling.  This  possibility  may  be  important  v^ith  respect 
to  erosion,  because  this  stream  of  gas  adjacent  to  the  surface  of 
the  bore  might  react  with  it. 


Ui/  The  adiabatic  explosion  -temperature  (see  Sec.  36)  is 
independent  of  the  amount  of  the  propellant.  The  tenqjerature  of 
the  gases  at  the  muzzle,  however,  is  lower  the  smaller  the  amount 
of  charge.  For  a  3-in,  AA  gun  M3,  the  muzzle  gas  temperature  -was 
calc-ula-ted  to  be  1614.0°C  for  a  charge  of  U.Qii  lb  of  pyro  powder, 
for  which  the  explosion  temperature  was  2700°C.  With  a  charge  of 
5.00  lb  of  NH  pcfwder,  which  had  an  explosion  temperattire  of  2l4.00°C, 
the  muzzle  gas  -temperature  was  calculated  to  be  11;30°C  [Tolch, 

1 936b .  p.  Ul. 


CHAPTER  VII.  FRACTION  OF  THE  TUBE  TO  FIRING 


51.  Tetnpej.-sture  of  the  tube 

Direct  measurements  of  the  temperature  of  a  gun  tube  hadre 
been  made  by  means  of  thermocouples  welded  to  its  outer  surface. 

The  average  results  obtained  for  a  niomber  of  different  guns  at 
Aberdeen  Proving  Ground  are  summarized  in  Table  XIII,  'w^ich  has 
been  copied  from  a  survey  by  Lane  [1938] •  In  arriving  at  this 
average  rise  of  temperature  per  round,  allowance  was  made  for 
cooling  effects  when  the  fire  was  slow  enough  to  warrant  sifcch  a 
correction.  In  the  case  of  the  3-in.  AA  gun  I.O,  for  instance, 
the  cooling  was  found  to  be  unimportant  at  rates  of  fire  of  10 
rounds/min  and  more  [Tolch,  1936b] .  The  larger  temperature  rise 
per  round  shown  in  Table  XIII  for  the  measurements  near  the 
muzzle  compared  with  those  near  the  breech  end  of  the  tube  re¬ 
sulted  from  the  heating  of  a  smaller  araotint  of  metal  rather  than 
from  the  presence  of  a  larger  quantity  of  heat.  This  situation 
is  demonstrated  by  the  figures  in  the  last  column,  which  show  that 
the  most  heat  was  absorbed  by  the  part  of  the  tube  farthest  from 
the  muzzle. 

Translation  of  these  results  into  terms  of  the  heating  of  a 
gun  vndev  seiwice  conditions  is  difficult  except  in  the  cases  of 
very  rapid  fire  or  of  sustained  fire  at  a  steady  rate.  The  ex¬ 
pected  temperature  rise  for  a  single  burst  fired  very  rapidly  is 
practically  the  product  of  the  number  of  rounds  fired  in  one  burst 
and  the  average  rise  in  temperature  per  roxind.  Thus  Lane  [1935] 
calculated  that  the  bore  surface  of  an  aircraft  machine  gun  reached 


Table  XIII .  Heating  of  gun  tubes  firing  single-»base  powder' 
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Corresponding  values  for  double-base  powder  vrere  l.lii  and  l55°C/md  and  3.0li  and  h.2^  oal/cm^md. 
temperature  of  outside  barrel  practically  constant  at  temperature  of  boiling  water. 
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1370°C  after  having  fired  600  roimds  in  ^  min.  In  this  calcula¬ 
tion  the  cooling  effect  was  allowed  for  to  the  extent  of  ii  per¬ 
cent  of  the  heat  input.  In  calculating  the  temperature  of  the 
tube  after  sustained  fire  at  a  steady  rate  it  is  necessary  to  make 
allov/ance  for  the  cooling,  vfhich  depends  materially  on  the  wind 
velocity.  Cooling  rates  for  the  same  guns  listed  in  Table  XIII 
have  been  compiled  separately  by  Lane  [ 1 93 9a] ♦ 

One  important  way  of  expressing  the  heating  of  the  tube  is 
in  terms  of  the  rate  of  fire  necessary  to  maintain  a  particular 
temperature.  For  the  caliber  ,30  machine  gun  these  rates,  meas¬ 
ured  directly  for  temperatures  of  200°,  300°  and  l4.00°C .  above 
ambient  temperature,  are  given  in  Table  XIV  in  comparison  vrith 
similar  rates  that  had  been  calculated  from  the  results  of  temper-^ 
ature  measurements  with  other  guns.  Such  data  are  of  practical 
importance  in  deciding  on  allowable  maximum  rates  of  firej  for  if 
the  temperature  at  the  breech  end  of  the  tube  increases  too  much, 
the  steel  will  be  weakened  to  such  an  extent  that  the  gun  may 
burst,  Tolch  [1936a]  calculated  for  the  105-mm  AA  gun  Ml  that  at 
16U  in,  from  the  muzzle  the  maximum  allowable  temperature  was 
UO^^Cj  that  is,  at  this  temperature  the  tensile  strength  of  the 
steel  had  decreased  to  such  an  extent  that  the  factor  of  safety 
viras  reduced  to  unity. 

The  effect  of  artificial  cooling  of  the  barrel,  as  by  the  use 
of  a  self -circulating  water  cooler,  is  illustrated  by  the  data  in 
Tables  XIII  and  XV  for  the  air-cooled  and  water-cooled  caliber  ,50 
machine  guns.  After  similar  firing  of  the  same  ammunition,  the 
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Table  XIV,  Temperature  of  the  breech  end  of  the  gim  tube 
as  a  of  the  rate  oi‘  fire;  single-base 

povdsr- 


Tempox-atiii'e 
Above  ! 

Ambiint 

^  ! 

1  Late  r 

1 

ji  Fire  Necessary  to  Maintain  Temperature 
("ounds/min) 

Cal.  .30iCal.  .90  ii,G, 

'  air-cooled'^  , 

75- -mm 

Ml  397E3^ 

3~in.  AA 
Gun  1-13^; 

105~inm  AA 
Gun  M1° 

200 

114  ; 

'  6.7 

3  J 

1.1 

0.9 

300 

17-8 

1 

1ii.3 

5.5 

1.8 

1.U 

aoo 

_ 1 

22.1 

20.8 

7,7 

2.6 

2.0 

'^Oorrespondm'^  rates  of  fire  obtained  vrith  double-base 
povider  i7ere;  20r/G,  liOO°G,  18.8  md/min 

[Tolch,  . 

^Tolch 

'^This  g-on  had  been  modified  by  the  removal  of  the  bronze 
jacket  from  the  regular  gun  of  this  model.  It  vras  concluded  as 
a  result  of  the  temperature  measurements  during  firing  tests 
that  ’’the  increase  in  h'.n,t3ng  effect  due  to  the  modification  is 
partially^  if  not  v/holly,  compensated  for  by  the  increase  in 
cooling  rate'^  [Pickiiison,  1936] . 

^olch  n^ohl. 

°Tolch  [19360.] . 

barrel  of  the  former  had  reached  an  average  temperature  of  nearly 
3S0°G,  whereas  that  of  the  latter  was  not  much  above  100°C,  The 
quantity  of  heat  absorbed  by  the  7;ater-cooled  barrel  was  nearly 
liO  percent  greater  than  that  absorbed  by  the  air-cooled  onej  and 
yet  its  projectile  derived  1  percent  more  energy  from  the  same 
amount  of  powder.  Thus  the  lovrorcd  temperature  of  the  barrel, 
which  tends  to  incroase  the  life  of  the  barrel,  was  secured  ^vith- 
out  any  loss  of  efficiency. 


.  Distribution  of  energy  in  gun 

The  proportion  of  the  total  energy  of  the  powder  that  is 
absorbed  by  the  gun  tube  is  shovai  in  Table  XV  in  comparison  with 
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the  distribution  of  the  remainder  of  the  crjergy  of  the  powder. 
The  amoxmt  shoi/m  as  absorbed  by  the  tube  includes  that  absorbed 
by  the  brass  cartridge  cases.  For  the  caliber  .50  machine  guns 
this  part  was  found  by  a  caloriostric  measurement  to  amount  to 
about  300  cal,  which  rfkLsod  the  temperature  of  the  case  to  about 
8l°C.  The  percentages  of  energy  absorbed  by  the  tube,  shown  in 
Table  XF,  agree  reasonably  well  with  the  figure  of  22  percent 
calculated  by  Granz  and  Rothe  [I906]  and  with  that  of  15  percent 
deduced  by  Muraour  [1925,  p.  Ii77l  from  closed-chamber  measure¬ 
ments  . 


Table  XV ,  Percentage  distribution  of  energy  of  powder. 


Cal. 

.50  M2  Machine  Gun 

3-in.  AA  Gun  M3^ 

Distribution 

iir-cooled, 
PSTTo  Povrcler^ 

?/ater-coolod, 
Pyro  Powder^ 

Pyro  Powder 

NH  Powder 

Velocity  and  spin 
of  projectile 

28 

29 

1 

29 

32 

Heat  of  gun 

16 

22 

11 

9 

Velocity  of  gases 

27  N 

-56 

27' 

*  59 

60 

59 

Heat  of  gases 

29J 

100 

22J 

Too 

1^ 

Energy  (cal/md) 

ii,3Uo 

1 

I 

1,035,000 

i,5Uo,ooo 

^zzle  velocity,  2600  ft/sec.  Fired  500  rounds  in  three 
groups  at  different  rates  [Tolch,  1936c], 

Muzzle  velocity,  2600  ft/sec.  Fired  iiOO  rounds  in  three 
groups  at  different  rates  [Tolch,  1937] . 

^'Muzzle  velocity,  2800  ft/sec,  Pyro  powder:  15  rounds  in 
U5  minj  NH  powder:  25  rounds  in  80  min  [Tolch,  1936b] , 


53 .  Heat  of  friction 


Transfer  of  some  of  the  energy  of  the  powder  to  the  tube 
takes  place  indirectly  by  means  of  the  heat  of  friction  of  the 


projectilo  as  it  passes  down  the  bore  (see  Sec.  U6)  as  well  as 
directly  by  contact  of  the  hot  gases.  A  raeasurement  of  the  ex¬ 
tent  of  this  indirect  transferwas  attempted  [Ord.  Dept, 
by  comparison  of  the  heat  absorbed  by  two  37-mm  guns  that  had 
been  fired  100  rounds  oach  under  the  sacie  conditions,  except 
that  the  projectiles  for  the  one  gun  had  standard  bands,  where¬ 
as  those  for  the  other  gun  had  very  narrow  bands,  the  cylindri¬ 
cal  portion  having  been  0,03  in.  v/ide  instead  of  0.5  in.  Each 
gun  vras  intiersed  in  the  same  quantity  of  vrater  at  the  end  of 
firing.  The  rise  in  temperature  of  the  water  was  5°C  in  both 
cases.  Hence,  as  far  as  this  somewhat  rough  measurement  was 
concerned,  the  heat  of  friction  was  probably  less  than  10  per¬ 
cent  of  the  heat  absorbed  from  the  powder  gases. 

Temperature  of  the  surface  of  the  bore 

No  direct  measurement  of  the  temperature  of  the  s\irface  of 
the  bore  of  a  gun  has  been  attempted  during  firing.  Some  measure¬ 
ments  have  been  made  directly  after  firing  by  pushing  a  thermo¬ 
couple  junction  into  the  nuzzle  of  the  gun  and  holding  it  against 
the  bore  surface  with  an  asbestos  pad.  Such  a  procedure  yields 
a  result  of  very  questionable  validity,  because  of  cooling  before 
the  measurement  can  be  made. 

The  closest  approach  to  a  direct  measurement  of  the  tempera¬ 
ture  of  the  bore  surface  was  made  by  Kosting  [1 93^]  on  a  Garand 
caliber  .30  automatic  rifle,  A  thermocouple  junction  was  placed 
at  the  bottom  of  a  hole  drilled  into  the  barrel  7  in,  from  the 
breech  end  (0,06  in,  in  front  of  origin  of  rifling)  so  that  the 


junction  was  only  0.077  in.  from  the.  bore  surface.  The  nnxiinuin 
temperature  after  firing  5l  rounds  in  1,3  min,  with  the  tube 
already  hot  from  previous  firing,  cjjiounted  to  ii85^G,  At  the  same 
time  the  temperature  at  the  surface  on  the  same  radius  was  ii28°C, 
Hence  the  temperature  of  the  bore  surface  was  estimated  to  be 
somewhat  in  excess  of  500°C.  Measurements  at  several  other  points 
along  the  barrel  were  made  simultaneously  by  means  of  recording 
potentiometers.  They  indicated  that  longitudinal  heat  flov/  vras 
much  greater  than  radial  heat  flow. 

The  temperature  of  the  bore  surface  was  computed  from  that 
of  the  outside  surface  of  the  tube  of  a  lO^-mm  Ait  gun  Ml  by  Tolch 
[1936a,  p,  10] ,  using  the  Fourier  equation  for  heat  flow.  The 
greatest  difference  between  inside  and  outside  temperatures  was 
at  the  measuring  point  nearest  to  the  breech.  There  the  maximum 
outside  temperature  was  279°C,  and  the  corresponding  bore  tempera¬ 
ture  was  calculated  to  be  3U9°Cj  but  this  result  depends  on  several 
somewhat  doubtful  assumptions , 

The  calculation  of  the  temperature  to  which  the  bore  surface 
is  raised  by  a  single  round  is  even  more  uncertain.  Lane  [1 939b] 
developed  a  method  suggested  by  R.  H,  Kent  that  is  based  on  a 
known  rate  of  heat  input.  For  a  75-mn  gun  an  increase  of  179°C 

1;$/  In  a  private  communication,  dated  Aug, -22,  19U2, 

Kosting  pointed  out  “that  because  of  the  use  of  the  recording 
potentiometer  the  time  lag  would  be  such  as  to  measure  average 
temperatures  and  not  peak  temperatures,  and  also  that  the  thermo¬ 
couples  placed  within  the  hole  drilled  into  the  barrel  were  held 
in  place  by  friction  and  were  not  spot-welded  to  the  steel,  I 
now  look  with  disfavor  on  any  experimental  work  for  evaluating 
temperatures  in  which  the  thermocouple  is  not  spot-v/elded  at  the 
point  vfhere  the  tenperature  is  to  be  measured," 
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vras  indicated  at  the  interface,  whereas  it  was  only  2°  at  a  depth 
of  OM  in.  below  the  surface.  Kent  himself  criticized 

this  method,  on  the  grounds  that  it  assuraes  that  the  heat  capacity 
and  conductivity  of  the  surface  layer  of  the  bore  are  those  of  the 
steel  throughout  the  tube,  v/hereas  he  pointed  out  that  possibly 
those  properties  are  considerably  different  in  the  altered  surface 
layer.  He  recommended  that  an  attempt  be  made  to  measure  then. 

55.  Dilation  of  the  bore 

Part  of  the  pressure  of  the  powder  gases  during  firing 

neutralizes  the  residual  compressional  stress  that  is  present  in 

a  modem  gun  as  a  result  of  the  method  of  manufacture  (see  Sec.  6), 

and  then  the  remainder  of  the  pressure  places  the  tube  in  a  state 

of  tension.  There  is  no  quantitative  information  as  to  how  much 

compressive  stress  is  retained  by  a  built-up  gun  or  by  a  radially 

expanded  (cold— worked)  one.  The  final  machining  operations, 

especially  the  rifling,  must  relieve  some  of  the  compressive 

stress,  and  later,  when  the  gun  is  in  service,  probably  more  of 

it  is  gradually  dissipated.  The  calculation  of  the  increase  of 

diameter  of  the  bore  from  the  pressure  is  further  complicated  by 

the  nonhonogeneity  of  the  stress  distribution  that  is  occasioned 

U6/ 

by  the  rifling.  Justrow  [1 923]  rather  naively  disregarded  these 


h6/  Dr,  P.  R.  Resting  (private  communication,  Aug,  22,  19U2) 
remarks  that  recent  British  firings  have  shown  that  the  engraved 
portions  of  the  rotating  bands  of  some  recovered  projectiles  were 
larger  than  the  diameter  of  the  bore  of  the  gun.  Hence  the  tube 
must  have  expanded  ahead  of  the  rotating  bandj  and  therefore  the 
stress  distribution  in  the  tube  is  more  complicated  than  if  the 
gun  is  considered  merely  as  a  cylinder  subject  to  a  uniform  inter¬ 
nal  pressure. 


1 
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factors  in  his  elaborate  calculations  of  the  dilation  of  the  bore. 
The  bore  diameter  is  also  changed  by  the  rise  of  temperature. 

If  the  whole  tube  heats  up  gradually,  the  inside  diameter  increases. 
Thus  for  a  105-mm  gun  the  increase  would  amount  to  about  O.OOli  in, 
for  each  100°C  rise  of  temperature  above  ambient  [Tolch,  1936a, 
p.  6]  . 

56.  Contraction  of  the  bore 

Contraction  of  the  bore  may  occur  whenever  the  bore  layers 
are  stressed  beyond  their  yield  point,  which  varies  inversely  as 
some  function  of  the  temperature.  A  sudden  increase  of  100°C  in 
the  temperature  of  the  bore  v/ould  correspond  to  an  increase  of 
30,000  Ib/in.  in  the  compress ional  stress,  Fleming  {191 8]  as¬ 
cribed  to  this  cause  the  complete  elimination  of  the  rifling  in 
a  Lewis  antiaircraft  machine  gun  that  had  been  fired  2500  rounds 
automatically  (cyclic  rate  not  known),  during  which  time  the  barrel 
had  been  observed  to  have  become  red  hot.  He  suggested  that  the 
projectile  acted  as  a  mandrel  in  the  contracted  bore. 

57-  Elongation  of  the  tube 

Compressive  stress  in  the  inner  layers  of  the  tube  may  be  re¬ 
lieved  by  elongation  of  the  tube.  This  action  is  assisted  by  the 
longitudinal  stress  caused  by  friction  betvreen  the  projectile  and 
the  bore.  Liners  have  been  known  to  be  caused  to  protrude  in  this 
manner,  and  even  15- in.  gun  tubes  have  been  reported  [Miller,  1920, 
p.  53]  to  have  been  permanently  elongated  as  much  as  -^-in. 


U?/  R.  W.  Goranson,  private  communication. 
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58,  Tangential  stress 

The  rotary  motion  of  the  projectile  during  firing  imposes  a 
considerable  tangential  stress  on  the  tube .  For  a  hovdtzer 

this  stress  was  calculated  under  various  assumptions  to  be  as  high 
as  9000  Ib/in^  It  was  therefore  considered  to  have  been  a  factor 
that  contributed  to  the  failure  of  a  ntraiber  of  such  guns  by  burst¬ 
ing  or  swelling  [Ord.  Dept,,  1 93 1 1 .  Justrow  [1923]  attributed  to 


the  tangential  stress  on  the  sides  of  the  lands  considerable  in¬ 
fluence  as  a  cause  of  erosion. 


1 
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